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ABSTRACT
The picoiiiaviruses are a family of positive sense, single-stranded RNA viruses that 
initiate translation of their genome using an internal ribosome entry site (1RES), 
which is typically around 450 nt in length. Currently, three classes of picomavirus 
1RES element exist, based on structural similarities and biological properties.
A novel picomavirus 1RES element was identified within the 5’ untranslated regions 
of porcine teschovirus-1 (PTV-1), porcine enterovirus-8 (PEV-8) and simian virus-2 
(SV2). These related elements are considerably shorter than other picomavirus 1RES 
elements and suiprisingly formation of 48S pre-initiation complexes on the PTV-1 
1RES is achieved in the absence of the translation initiation complex eIF4F. Indeed, 
toeprinting analysis with the PTV-1 1RES indicated that it is able to directly interact 
with the 40S ribosomal subunit. These properties are unusual for picomavirus 1RES 
elements but aie remarkably similar to those of the Flaviviridae 1RES elements. 
Secondary stiucture models for the PTV-1, PEV-8 and SV2 1RES elements have 
been derived and key structural features verified tlirough mutagenesis and functional 
assays. These studies have suggested that a fourth type of 1RES element exists 
within the Picornaviridae, which is sti'ucturally and functionally related to the 
hepatitis C virus (HCV) and pestivirus 1RES elements.
Picomavirus 1RES elements require accessory proteins for their activity. The 
availability of these proteins may provide insight into the tissue tropism of the 
viruses. To assess the binding of accessory proteins to the FMDV 1RES in cells, a 
system was designed that could allow the capture of RNA transcripts containing the 
FMDV 1RES and attached proteins fi'om cells. This system made use of a specific 
protein-RNA interaction between the iron response protein and iron response 
element, which was placed at the 3’ end of the FMDV 1RES. Functional assays 
indicated that key features of this system were operational as expected, but currently 
no proteins have been identified as FMDV 1RES binding proteins using this system.
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CHAPTER ONE INTRODUCTION
CHAPTER ONE 
INTRODUCTION
The picornaviruses are a family of RNA vimses that are the causative agents of a 
diverse range of human and animal diseases, many with devastating health and 
economic consequences. The 2001 outbreak of foot and mouth disease (FMD) in the 
United Kingdom resulted in the slaughter of 4 million animals. The loss of diseased and 
exposed animals and resulting export restrictions is estimated to have cost the country in 
excess of £10 billion (Samuel and Knowles, 2001). The human rhinovirus (HRV) is 
responsible for 30-50% of outbreaks of the common cold, for which there is no effective 
cure or prevention. Natural immunity to the virus is rai*e and consequently infections 
cost countiies billions year ly in lost work days (English, 2002). Hepatitis A, caused by 
the hepatitis A virus (HAV), is a leading cause of liver disease, accounting for 25% of 
viral hepatitis each year (Cuthbeit, 2001). Picornaviruses also pose thr eats in terms of 
their potential as devastating biological weapons (Blancou and Pearson, 2003). Foot- 
and-mouth disease virus (FMDV) has been classified as a ‘list A’ disease by the office 
international epizooties due to its potential for rapid spread and serious economic 
conseqirences (Office International Epizooties, 2004).
The morbidity, mortality, economic losses and threats caused by these viruses has 
necessitated significant resear ch into the mechanisms of vir al replication and 
transmission, with a view to disease prevention and effective treatment. This research is
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resulting in a fuller understanding of viral gene expression and provides an insight into 
the mechanism by which eukaryotic cells respond to infection.
1.1 The picornaviruses
1.1.1 The picomavirus family
The picornaviruses have single-stranded, positive sense RNA genomes that can 
immediately template viral protein synthesis upon release into the cell cytoplasm. The 
genome organisation is highly conserved among all members, however virion properties 
and nucleotide (nt) sequence comparisons, have allowed for the identification of ten 
separate genera (King et al, 2000) (Table 1.1).
1.1.2 The picomavirus genome
The piconraviruses contain RNA genomes of between 7.1kb (HRV) (Skem et al, 1985) 
and 8.4kb (FMDV) (Forss et al, 1984) in length. In each case, the genome contains one 
large open reading fi arne (ORF) encoding a single polyprotein that is rapidly cleaved by 
virus-encoded proteases to form the structural and non-str uctural proteins of the virus 
(Figure 1.1). Two untranslated regions (UTRs) flank the ORF. The 5’ UTR is long 
cornpai ed to cellular messenger RNA (mRNA) 5’ UTRs and contains extensive regions 
of secondary structure. The 3’ UTR of between 50 and lOOnt also contains regions of 
secondary structure and is followed by a tract of adenosine (A) residues known as the 
poly (A) tail.
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Genus Representative virus Clinical disease
Enterovirus Poliovirus (PV) Poliomyelitis
Rhinovirus Human rhinovirus (HRV) Common cold
Cardiovirus Encephalomyocarditis virus (EMCV) Encephalomyelitis
Aphthovirus
Foot-and-mouth disease virus 
(FMDV)
Equine rhinitis A virus (ERAV)
Foot and mouth disease 
Respiratory tract infection
Hepatovirus Hepatitis A virus (HAV) Hepatitis
Parechovirus Human parechovirus (HPeV) Meningoencephalitis
Erbovirus Equine rhinitis B virus (ERBV) Respiratory tr act infection
Kobuvirus Aichi virus (AiV) Acute gastroenteritis
Teschovirus Porcine Teschovirus (PTV) Polioencephalomyelitis
Sapelovirus (?) Simian virus (SV)Porcine enterovirus (PEV)
Intestinal infections? 
Intestinal infections?
Table 1.1 Classification of the Picornaviridae family. For each genus, a 
representative virus is shown and an associated clinical disease described. The 
formation of the Sapelovirus genus has been recently proposed to the International 
committee on taxonomy of viruses (ICTV) by the Picornaviridae study group (N. 
Knowles, lAH -  personal communication).
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1.1.2.1 The 5’ UTR
The 5’ end of picomavirus genomic RNA lacks the 7-methyl guanasine (nf G) cap 
structure common to all cytoplasmic rnRNAs. histead, picornavimses have a small 
virus encoded peptide, VPg, also known as 3B, linked by a phosphodiester bond to the 
5’ tenninal luacil (U) residue (Wimrner, 1972). Once the viral genome has entered the 
cell, VPg is rapidly cleaved from the RNA by a cellular protein, VPg unlinkase, leaving 
an imcapped RNA terminating in a pUp moiety (Grubman and Bachrach, 1979;
Gulevich et al, 2002). Attachment of VPg to the 5’ end of the genome may be a vital 
prerequisite for the specificity of viral RNA encapsidation, whilst fiee cellular VPg is 
critical for replication of the RNA genome (Wimrner, 1982; Kuhn et al, 1988).
Picomavir us 5’ UTRs are considerably variable between the genera in terms of thefr size 
and structure, ranging fiorn aroimd 600 nt (HRV) to 1300 nt (FMDV) in length (Skem et 
al, 1985; Forss et al, 1984). The first 90 nt of the entero- and rhinovirus genomes folds 
into a cloverleaf structure (Andino et al, 1990). Mutagenesis of nucleotides within this 
structure has shown that the cloverleaf interacts with the viral RNA polyrnerase/protease 
precursor, 3CD’‘’’‘^° (Andino et al, 1990), as well as various cellular* proteins. The 
cloverleaf structure is requir ed for replication of the vir al RNA and it is also believed to 
be involved in maintaining stability of the RNA in the absence of a terminally linked 
protein (Murray et al, 2001).
The extreme 5’ end of the cardio- and aphthoviruses genomes fold in to a large hairpin 
structure known as the S fragment (Clarke et al, 1987). The role of the S fiagrnent is
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unclear, but its presence is required for viral activity (Bunch et al, 1994) and it may be 
equivalent to the PV cloverleaf structure (Belsham, 1993).
Following the S fragment, the cardio- and aphthoviruses contain a tr act of between 100 
and 200 cytosine (C) residues known as the poly (C) tract (Brown et a l, 1974). The role 
of this region remains to be elucidated, but there does appear to be a strong selective 
pressure for its presence in FMDV (Rieder et al, 1993).
In the FMDV genome, the poly(C) tr act precedes a str etch of 250 nt predicted to contain 
multiple pseudoknot structures (Clarke et al, 1987). These structures are also present in 
the cardiovii'us 5’ UTRs, but are found on the 5’ side of the poly(C) tr act. Mutations 
that disrupt these structures affect vir al RNA synthesis, but not translation, suggesting 
they play a key role in picomavirus RNA replication (Martin and Pahnenberg, 1996).
The FMDV 5’ UTR also contains a stem-loop structure known as the cr f^-acting 
replication element (ere) or 3B uridylylation site (bus). This structure is present in all 
picornaviruses, although its location is not conserved. Indeed, relocation of the FMDV 
ere does not affect its function. The picomavirus cis-acting replication elements are 
critical for initiation of viral RNA synthesis (Mason et al, 2002; Tiley et al, 2003; 
Murray and Barton, 2003; Nayak et al, 2005).
The last structural region of the picomavirus genomes is known as the interual ribosome 
entr y site (1RES), which is positioned immediately upstr eam of the ORF and is required
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for initiation of translation. The picomavirus 1RES elements have been well 
char acterised and will be discussed in detail in section 1.3.
1.1.2.2 The picomavirus proteins
The picomavir us polyprotein is processed to produce between 11 and 15 proteins, which 
are produced by viral protease-mediated cleavage of the polyprotein (Figure 1.1). The 
entero- and rhinovirus polyprotein can be divided into three main regions, designated 
PI, P2 and P3 (Rueckert and Winuner, 1984). Aphtho-, cardio- and teschoviruses 
additionally encode a leader (L) protein immediately upstream of the PI region, PI 
encodes the viral structural proteins and P2 and P3 the non-structural proteins. The 
basic organisation of the genome is conserved amongst picomaviruses, however 
functions of particular* proteins can vary between the genera.
1.1.2.2.1 The leader (L) protein
Tlie L protein is encoded at the N-terminus of the aphtho-, cardio and teschovirus 
polyproteins. The L protein of FMDV is a well-characterised protease (L ‘^^ °) requir ed 
for self-cleavage from the polyprotein at the L/Pl junction (Stiebel and Beck, 1986) and 
also responsible for inhibition of host cell protein synthesis by cleavage of the crucial 
cellular initiation factor protein eIF4G (Devaney et al, 1988; Medina et al,\99'i). Two, 
functionally equivalent forms of the have been identified in FMDV and the closely 
related equine rhinitis A virus (ERAV) (Sangar et al, 1987; Medina et al, 1993; Hinton
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et al, 2000). Tliese forms result from initiation of tianslation at different initiation 
codons. In FMDV, production of Lab’’^ ^^ results fr om initiation of translation at the Lab 
initiation codon, immediately downstream of the 1RES. Translation of the shorter Lb^ '^ ° 
results from initiation 84 nt downstieam, which in FMDV is the preferred ti anslational 
start site (Belsham, 1993). Studies using leaderless FMDV genomes have indicated that 
activity is required for virulence of the virus as leaderless mutants are unable to 
prevent host cell induction of immune responses (Chinsangaram et a i, 1999).
1.1.2.2.2 Structural proteins (the PI region)
The first third of tlie picornavfrus polyprotein (excepting the L protein) is known as the 
PI region (Rueckert and Wiinmer, 1984), which encodes the stiuctural proteins required 
for viral capsid formation. PI is rapidly cleaved by the vims-encoded protease 3C 
(3CPiiO) tliree proteins, VPO (an uncleaved precursor of VP4 and VP2), VP3
and VPl (Ypma-Wong et al, 1988). Within the cell, these proteins assemble into 
protomers, containing one copy of each of the thi'ee proteins. Five protomers then 
assemble into pentamers, twelve of which form a sixty-subunit icosahedi on that 
encapsidates the viral genome. Maturation of the provirion into an infectious vims 
requires cleavage of VPO to produce VP2 and VP4 (Arnold et al, 1987).
1.1.2.2.3 Non-structural proteins (the P2 and P3 regions)
The P2 and P3 regions of the genome encode the non-structural proteins of the virus, 
which are critical for replication of viral RNA.
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P2 encodes the proteins 2A, 2B and 2C (Figure 1.1), which are cleaved from the 
polyprotein precursor by the viral (Vakharia et al, 1987). The 2A proteins fall 
into four major groups (Hughes and Stanway, 2000), of which the best characterised is 
the tiypsin-like cysteine protease group associated with entero- and rhinovrruses. 2A 
protease (2A*’^ ”) activity is critical for entero- and rhinovirus P I-2A polyprotein 
cleavage as well as some processing of the P3 region (Toyoda et al, 1986). Like the 
aphthovirus L^ °^, 2A*’^ ° is also involved in inhibition of host cell protein synÜiesis in 
entero- and rhinovirus infected cells by the cleavage of the cellular initiation factor 
eIF4G (Krausslich n/., 1987).
During cardio- and aphthovirus polyprotein processing, the 2A protein remains attached 
to the PI region until released by a 3C™°-mediated cleavage. The 2A protein of these 
viruses is requked for cleavage at the 2A/2B jimction, however, current hypotheses 
suggest that this cleavage does not occur by proteolysis, but occurs by 2A-mediated 
modification of the ti anslation machinery that allows P1-2A release from the ribosome 
while continuing translation of the downstream sequences (Donnelly et a l, 2001).
The 2B and 2C proteins are thought to play vital roles in the formation of vfral 
replication complexes. Picornaviras RNA synthesis occurs on specialised membranes 
derived from the endoplasmic reticulum (E.R). P2 proteins have been found linked to 
E.R-derived membranes and to the viral RNA, suggesting that they may tether vfral 
RNA to these structures, orientating it correctly for replication (Bienz et al, 1990).
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P3 is cleaved by 3(3^ *° into four proteins, 3A, 3B, 3C and 3D (Vakliaria et al, 1987).
3 A can be found associated with cellular membranes required for vfral replication, 
suggesting that it may also be involved in the formation of these structures and 
subsequent localisation of the RNA (Andino et al, 1993).
3B, also known as VPg, is present in only one copy in most genomes. However, the 
FMDV genome encodes three, functionally equivalent, copies of 3B (Forss and Schaller, 
1982). The reason for the inclusion of multiple copies in the FMDV genome is unclear, 
however, their conservation across serotypes and maintenance over time suggests a 
sti’ong selective pressure to do so (Mason et al, 2003).
The 3C and 3D proteins act as the major viral protease (3C^ "^ °) and the viral RNA- 
dependent-RNA polymerase (3D^° )^ respectively. 3(3^ °^ is required for most of the 
polyprotein cleavage events (Vakliaria et al, 1987) and in cell-culture infections of 
FMDV has also been shown to promote efficient cleavage of the cellulai* tianslation 
initiation factors eIF4G and eIF4A, which may modify both host cell and viral protein 
synthesis (Belsham et al, 2000; Sti'ong and Belsham, 2004).
1.1.2.3 The 3’ untranslated region and poly (A) tail
The V  end of the picornavfrus genomes consists of a short untranslated region (UTR), 
followed by a poly (A) tail. The 3 ’ UTR forms tRNA-like structures, which are thought 
to behave as cw-acting stiaictures necessary for negative sense RNA synthesis (Filipenko 
et al, 1992). However, the importance of its conti'ibution in this process is still
10
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undefined and mutational analysis has produced vaiiable results (Todd et a l, 1997; Saiz 
et al, 2001).
The poly (A) tail of the picomavii uses is at least partially genetically encoded, which 
contrasts to the post-tianscriptionally synthesised poly (A) tail of cellulai* inRNAs 
(Dorsch-Hasler et al, 1975). Synthetic poly (A) tails can prime uridylylation of 
poliovirus (PV) VPg in in viti^ o uridylylation assays in die presence of manganese (Paul 
et al, 1998), however, deletion of the PV and human rhinovirus (HRV) 14 3’ UTRs did 
not abolish the infectivity of these viruses in cell culture. Recovered viruses did 
demonstiate defective growth phenotypes in cells, however the defective viruses were 
clearly able to direct initial rounds of replication (Todd et al, 1997). More recently, the 
FMDV poly (A) tail has been found to play no role in VPg uridylylation in in vitro 
reactions (Nayak et al, 2005).
The poly (A) tail is also a binding site for a cellular protein, poly (A) binding protein 
(PABP), an interaction that may be required for both ti anslation and replication of the 
viral genome as PABP is also able to interact with proteins bound to the 5’ terminus of 
the viral RNA, thereby mediating cii'cularisation of the genome (Herold and Andino, 
2001).
11
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1.1.3 The picornavirus lifecycle
An outline of the major steps in the picornavirus lifecycle is given in figure 1.2. The 
replication cycle involves binding of the virus particle to a specific cellular receptor, 
followed by uptake and uncoating of the viral genome in the cell. The positive sense 
genome then acts directly as a template for viral protein synthesis. Once viral RNA has 
been ti anslated, RNA replication occurs, via a negative sense intermediate. Progeny 
positive sense RNA genomes are then packaged into the capsid, which undergoes a final 
cleavage event in VPO to form VP2 and VP4 before release from the cell.
1.1.3.1 Receptor binding and entry
Picornavfruses are non-enveloped viruses that bind the cellular receptors thiough 
interactions with their capsid proteins. Receptor binding plays an important role in 
determining the tissue tropism of the virus. The picornavirus family utilise a wide range 
of receptors for infection such as the immimoglobul in-like receptor CD 155 (PV) 
(Mendelsohn et al, 1989) or the integrin av|36 (FMDV field isolates) (Jackson et al, 
2000).
VPl constitutes much of the capsid surface and as such contributes significantly to the 
antigenicity and receptor binding of piconiavimses (Baxt et al, 1989). Sequence 
comparisons between different serotypes of FMDV suggest that a highly variable region 
of 10 amino acids (aa) in VPl is responsible for differential antigenic recognition of the 
various strains (Strohniaier et al, 1982). The variable region contains a highly
12
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Nucleus
Endosomer
Figure 1.2 Overview of the picornavirus replication cycle. (1) The virus binds to a 
cellular receptor and the genome is either delivered directly to the cytoplasm (e.g. PV) 
or the virus particle is internalised by receptor-mediated endocytosis (e.g. FMDV). (2) 
Endocytosed viruses are uncoated in the endosome and the viral RNA released to the 
cytoplasm. (3) VPg is removed and the viral RNA is translated to produce a single 
polyprotein. (4) Polyprotein cleavage occurs to produce viral structural and non- 
structural proteins. (5) Viral RNA synthesis occurs on specialized membranes induced 
by the virus. Viral positive strand RNA is copied by the viral polymerase to produce 
negative strands, which are in turn copied to produce positive strands. (6) VPg is 
attached to newly formed positive strands, which are then encap si dated by viral proteins 
VPO, VP2 and VP3. (7) Virus particle maturation occurs by VPO cleavage. (8) The 
virus is released by cell lysis. Figure not drawn to scale. Figure adapted from 
Racaniello (2001).
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conserved arginine-glycine-aspartic acid (RGD) motif common to integrin ligands, 
which is responsible for the interaction of FMDV with its receptor (Pfaff et al, 1988).
Two main strategies for entry are employed by picomavfruses. FMDV enters cells 
using the mechanism of receptor-mediated endocytosis. Their capsids are extiemely 
sensitive to acidification and so dissociate in the low pH environment within the 
endosome, allowing for the release of viral RNA into the cytoplasm. In contrast, the 
acid stable enterovfruses infect the cell from the cell surface via the formation of altered 
(A) particles. These particles fonn as a result of vfral interaction with the receptor and 
are characterised by the loss of VP4 from the capsid and exposure of the N-terminus of 
VPl, nonnally held within the vfral particle. The exposed hydiophobic N-terminus is 
proposed to insert into the cell membrane, producing a pore through which the RNA can 
infect cells (reviewed in Racaniello, 2001).
1.1,3.2 Translation and replication
Once the genome has entered the cell the RNA serves as a template for tianslation. Host 
proteins and ribosomes are required for this process, which will be discussed in detail in 
section 1.3. After translation and processing of the polyprotein, the same RNA serves as 
a template for RNA synthesis. This process begins from the 3’ end of the positive sense 
RNA template and is therefore incompatible with the 5’ to 3’ orientated translation 
process. The mechanism of the switch between ti anslation and replication remains 
unresolved, but may represent an inhibition of 1RES function, the stiucture from which 
translation is initiated.
14
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The replication of picornavirus RNA occurs via a negative sense intermediate and 
requires viral as well as cellular proteins such as the poly(C) binding protein (PCBP) 
and PABP (Andino et al., 1990). Replication of PV RNA has been intensively studied 
and provides the best model for picornavirus RNA synthesis. VPg uridylylation by 
is required for both positive and negative sense RNA replication, but the 
templates for these reactions differ. Negative sense RNA synthesis may require the poly 
(A) tail to template this reaction, which involves the coupling of uridine (U) residues to 
tyrosine (Y) residues present in VPg, forming the primers VPgpU and VPgpUpU. 
then catalyses elongation of the negative strand, ultimately producing a double sti anded 
replication intermediate known as the replicative form (RF) RNA (Paul et al, 2003).
The 5’ cloverleaf structure is critical for negative sense RNA synthesis and acts as a 
binding site for the polymerase precursor protein 3CD’’‘^° and the cellular protein PCBP 
(Barton et al, 2001). These proteins in turn interact with poly (A) tail-bound PABP, 
mediating circularisation of the genome such that the poly (A) uridylylation template is 
bought into close proximity with 3D^°  ^(Herold and Andino, 2001). Each newly formed 
negative sense RNA then templates production of many positive sense RNAs, which are 
found in excess in the cytoplasm (Novak and Kirkegaard, 1991). The VPg uridylylation 
template for positive sense RNA production is the ere stiucture (Goodfellow et al,
2000; Morasco et al, 2003). The loop of the ere contains a conserved AAACA motif 
and the first A residue (known as A )^ acts as a template for the reaction, producing a 
pool of primers within the cell (Paul et al, 2003). The mechanism by which VPgpUpU 
is ti'ansferred to the 3 ’ end of the negative sense RNA for the initiation of positive sense 
RNA synthesis remains imclear.
15
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1.1.3.3 Packaging and release
The final step in the replication cycle is encapsidation of the positive sense RNA to form 
a mature virion. Only positive sense RNA that is formed with the viral protein VPg 
linked to the 5’ end is encapsidated (Wimmer et al, 1982), but other packaging signals 
have not been identified. Once encapsidation has occun ed, the provirion is matured by 
an undefined cleavage of VPO to fonn the mature vims particle that can be released 
from the cell.
Release of mature picornaviruses may rely upon lysis of the host cell, allowing viral 
spread to neighbouring cells. HAV appears to be exceptional in this respect and is 
released without cell destruction (reviewed in Cuthbert, 2001). Evidence for polar ised 
release of poliovirus fr om intestinal cells without cell lysis also exists (Tucker eta l, 
1993). Lysis of infected cells can occur as the result of apoptosis or the cytopathic 
effect (CPE). Apoptosis is a tightly regulated str ess response that rapidly results in 
ordered lysis of the infected cell. Picornaviruses have evolved mechanisms to prevent 
the induction of apoptosis unless vfral gr owth is restricted. This forces the cell into an 
alternate pathway of death associated with CPE, thereby inhibiting premature cell death 
that would limit viral production (Tolskaya et al, 1995). CPE describes distinct 
morphological changes within the cell including chromatin condensation, proliferation 
of membrane vesicles and changes in cell membrane permeability. These changes 
ultimately lead to cell lysis and vims release.
16
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1.1.4 Viral evasion of host immune responses
In order to produce a productive infection, viruses must be able to overcome or prevent 
host immune responses that will invariably be mounted upon infection.
1.1.4.1 Immune responses to picornavirus infections
The primary cellular response to viral infection involves the induction of type I 
interferons (IFNs), namely a and (3IFN. Type IIFN is induced by double stranded (ds) 
RNA, an intermediate product of viral infection. IFNs are soluble cytokines that travel 
to neighbouring cells, activating the transcription of genes involved in host cell defence 
mechanisms and apoptosis (reviewed in Biron and Sen, 2001). Such genes include the 
dsRNA-activated protein kinase (PKR), a 68 kDa protein that inhibits cellulai" and viral 
protein synthesis by phosphorylation of the cellular translation initiation factor eIF2 
(reviewed in Whitton and Oldstone, 2001). IFN-mediated activation of a cellular 
protein p56 inhibits the activity of another cellular ti anslation initiation factor, eIF3 (Hiii 
et al, 2003). Picornavims replication can also be prevented by cleavage of vfral RNA. 
This response is critical for suppression of EMC V replication and relies on induction of 
the 2’ -5 ’ -oligoadenylate synthetase pathway to activate the cleavage enzyme RNase L 
(Kumar 1988).
1.1.4.2 Picornavirus evasion of host immune responses
Picornaviruses have evolved a number of strategies to overcome host defence responses 
in order that the infection is productive. One important mechanism involves inhibition 
of ti anscription of genes involved in these responses. Transcription inhibition has been
17
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attl'ibuted to the poliovirus precursor protein which is able to enter the nucleus
by viitue of a nuclear localisation signal (NLS) present in 3D °^  ^(Weidmann et al,
2003). 3C ’^^ ° is delivered to the nucleus and cleaves nuclear transcription factors 
associated with the activities of RNA polymerase 1,11 and 111 (Weidman et al, 2003; 
Sharma et al, 2004).
Another mechanism of overcoming the initial host responses is by inactivation of PKR. 
PV can specifically degrade PKR, although the exact mechanism by which this occurs is 
unclear (Black et al, 1989; Black et al., 1993).
There is evidence that picornaviruses such as EMCV are able to directly inhibit the 2’- 
5’-oligoadenylate synthetase/RNase L pathway tluough the expression of an RNase L 
inliibitor (RLl). This molecule antagonises 2’-5’-oligoadenlyate synthetase binding to 
RNase L, preventing its activation (Martinand et al, 1998).
Unless the initial responses are prevented, they invariably lead to the induction of the 
adaptive arm of the immune response, involving B, T and inflammatory cells of the 
immune system. Picornaviruses have also evolved mechanisms to prevent activation of 
adaptive immune responses by affecting cellular secretory pathways. These pathways 
are vital for trafficking of proteins, such as degi aded viral proteins, to the cell surface. 
IFN-activated cytotoxic T (Tc) cells are able to promote lysis of infected cells by 
recognition of the viral antigen complexed with major histocompatability 1 (MHCl) 
receptors on the cell surface. There is evidence that the PV 3A and FMDV 2BC
18
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proteins are able to efficiently inhibit this pathway preventing Tc-mediated destruction 
of infected cells (Dietz et al, 2000; Moffat et al, 2005).
1.2 Cellular translation
Most cellular messenger RNAs (inRNAs) are ti anslated in the cytoplasm by a cap- 
dependent ti anslation mechanism, which contrasts to the mechanism of internal 
ribosome entry employed by picornaviruses. A hallmark of most picornavirus infections 
is the rapid inhibition of cellular translation. The mechanism by which this occurs has 
provided insight into the processes of both cellulai* and viral translation. Translation 
inhibition provides a means of preventing host cell response to infection and allows for 
the preferential translation of picornavirus RNA.
Cellular inRNA tianslation can be separated into three steps; initiation, elongation and 
termination, of which the initiation step is affected by picornaviruses.
1.2.1 Cellular translation initiation
The initiation step of protein synthesis is the most complex of the translation processes 
and as such involves a number of tightly regulated steps. Translation initiation is 
mediated by cellular eukaryotic initiation factors (elFs) that ultimately position the 
ribosome, carrying the methionyl-primed initiator transfer RNA (inet-tRNAi), over the 
AUG initiation codon (Figure 1.3).
19
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Most cellular niRNAs are capped at their 5’ terminus as the inRNA emerges from the 
RNA polymerase II transcription complex. The cap consists of a modified guanosine 
residue, 7-methylguanosine (m^G), linked by a 5’-5’ phosphodiester bond to the 
terminal base of the niRNA (Shatkin, 1976). It is this structure to which initiation 
factors and ribosomes are recruited prior to inRNA scanning to reach the translation 
initiation codon.
The 3 ’ end of cellulai* inRNAs contains a long poly (A) tail that stimulates translation 
(Munroe and Jacobson, 1990). The tail binds poly (A) binding protein, PABP, which in 
turn interacts with cap-associated eIF4G, circularising the RNA (Taiun Jr. and Sachs, 
1996). PABP also interacts with a protein involved in translation termination, 
eukaryotic release factor (eRF) 3. Thus as the inRNA circulai ises, initiation and 
termination codons aie bought into close proximity (Uchida et al, 2002). inRNA 
circularisation may allow for recycling of ribosomes on the same niRNA after 
termination, thereby increasing the efficiency of ti anslation (Tarun Jr. and Sachs, 1996).
1.2.1.1 438 pre-initiation complex formation
The first step of translation initiation involves the dissociation of 80S ribosome 
complexes to produce a pool of 40S and 60S ribosome subunits. 80S complex 
dissociation may be facilitated by the 25 kDa protein eIF6, which binds free 60S 
subunits, preventing their re-association with 40S subunits (Raychaudhuri et al, 1984). 
Recently, the role of eIF6 in translation initiation has been questioned and it is suggested 
that it is involved in matui ation or stabilisation of 60S subunits, rather than ribosome
20
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Figure 1.3 The pathway of translation initiation on a mammalian capped mRNA.
The functions of individual proteins are described in the main text. Step 1 involves 
dissociation of the 80S ribosomal complexes into the 40S and 60S subunits. The 40S 
ribosomal subunit is then able to interact with cellular proteins including the Met-tRNA- 
primed elF2 to form the 43S pre-initiation complex. The 43S pre-initiation complex is 
recruited to the 5’ cap of the mRNA via an interaction with the cap-binding complex 
elF4F (step 2). Ribosomal scanning then occurs to position the ribosome at the 
initiation codon (step 3). Once the initiation codon has been recognized, the initiation 
factors dissociate and are recycled. The 60S ribosomal subunit is then able to bind to 
the 40S subunit forming the 80S ribosomal initiation complex at the initiation codon. 
Figure adapted from Merrick (2004).
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subunit anti-association (Si and Maitra, 1999). eIF3 has also been implicated in 
ribosome anti-association by binding free 40S subunits, preventing their re-association 
with 60S subunits (Chaudhuri et al, 1999).
Once free 40S subunits are available, they are competent to form a pool of 43S pre­
initiation complexes by interaction with elFl, elFl A, eIF3 and the ternary complex 
(Figure 1.3).
elFl and elFlA act synergistically to promote formation of 43 S complexes, ribosomal 
scanning and recognition of the AUG initiation codon. Mutations in the yeast 
homologue of elFl, Siiil, resulted in aberrant initiation at non-AUG codons, indicating a 
critical role for this protein in initiation codon selection (Yoon and Donahue, 1992). In 
the absence of elFl, 43 S complexes bind to the cap, but are imable to migrate along the 
mRNA (Pestova et a l, 1998b). elFl A interacts with both eIF2 and 40S ribosomal 
subunits to promote binding of the ternary complex to 40S ribosomal subunits 
(Chaudhuri et al, 1999; Olsen et al, 2003).
eIF3 is the largest eukaryotic initiation factor (650 kDa), composed of at least 11 
subunits in mammalian cells (reviewed in Hershey and Merrick, 2000). eIF3 stabilises 
43 S complexes by preventing premature association of 60S ribosomal subunits. 43S 
complexes formed in the absence of eIF3 are readily dissociated by 60S subunits 
(Chaudliuri et al, 1999). A role for eIF3 in ternary complex recruitment to 40S 
subunits has recently been suggested after purification of a protein complex involving
22
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elFl, eIF2, eIF3, eIF5 and met-tRNAi. eIF3 in this complex binds 40S subunits, 
recruiting the ternary complex to the ribosome (Asano et al, 2000).
The ternary complex is composed of eIF2, met-tRNAi, which contains the anticodon to 
the initiation codon, and GTP, which is required for initiation factor release from 40S 
ribosomal subunits. eIF2 is composed of 3 subunits; a, p and y. The a subunit promotes 
initiation codon recognition by met-tRNAi and is a major target for translational 
regulation, being highly susceptible to inactivation by phosphorylation (reviewed in 
Hinnebusch, 2000). The p subunit mediates interactions with eIF5 during ternary 
complex recruitment to the ribosome and later during initiation factor release (Das and 
Maitra, 2000). It also interacts with eIF2B during a guanylate exchange reaction that 
recycles eIF2-GDP. The y subunit is required for met-tRN Ai and GTP binding. eIF2 
distinguishes met-tRNAi from elongator tRNAs by recognition of the attached methionyl 
residue and particular sequences such as an adenine-uracil (A-U) base paii* on the tRNA 
acceptor stem (Farruggio et al, 1996).
1.2.1.2 43S pre-initiation complex recruitment to mRNA
Tlie 43 S pre-initiation complex is recruited to the cap structure at the 5’ end of the 
mRNA. The cap is recognised by the eIF4F initiation factor complex, which is in turn 
recognised by the eIF3 component of the 43 S complex, forming the 48 S pre-initiation 
complex at the cap (Figure 1.3).
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eIF4F was originally identified in an in vitro rabbit reticulocyte lysate (RRL) system as 
a heterotrinieric complex composed of eIF4E, eIF4G and eIF4A (Grifo et al., 1983). Of 
these proteins, eIF4E directly binds the cap (Sonenberg et al, 1979; Tahaia et al, 1981). 
eIF4E is the least abundant of the cellular initiation factors and is a major target of 
regulation during cellular processes or viral infection (Pause et al, 1994a; Gingras et al,
1996).
eIF4A binds ATP and displays RNA-dependent RNA helicase activity that is required 
for unwinding of secondary structures within the 5’ UTR (Rozen et al, 1990). Use of 
dominant negative mutants has suggested that eIF4A frinctions primarily as a subunit of 
eIF4F, but free eIF4A is required to recycle through the eIF4F complex (Yoder-Hill et 
al, 1993; Pause et al, 1994b). eIF4A also requires other proteins for optimal 
efficiency. These proteins have been identified as eIF4B and eIF4H, which stimulate 
the ATPase activity of eIF4A (Richter-Cook et al, 1998).
eIF4G is present in two forms within the cell, eIF4GI and eIF4GII. Both are 
flmctionally interchangeable and cleavage of both forms is necessary for picomavirus- 
mediated inhibition of host cell tianslation (Etchison et al, 1982; Gradi et al, 1998b). 
eIF4G acts as a scaffolding molecule, linking components of the tianslation machinery. 
It bridges eIF4E and eIF4A, mediating an interaction between cap binding and RNA 
helicase activities associated with the eIF4F initiation factor complex (Lamphear et al, 
1995). It also recruits the 43S complex to the mRNA by interacting with eIF3 
(Etchinson et al, 1982). Circularisation of the mRNA duiing tianslation is mediated by
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the interaction of eIF4G with the 3’ linked PABP and is believed to increase the 
efficiency with which 40S subunits are delivered to the 5’ cap structure after each round 
of translation (Herold and Andino, 2001).
1.2.1.3 Ribosome scanning
From the cap, 40S ribosomal subunits, as pai t of the 48 S pre-initiation complex, must 
reach the initiation codon in order to begin translation. Eukaryotic inRNAs are 
generally short and unsti uctured, thus ribosomes are believed to reach the initiation 
codon by a scanning mechanism (Kozak, 1978).
Ribosomal scanning is a relatively undefined process. It involves the eIF4A helicase 
activity, stimulated by eIF4B and eIF4H, to imwind any RNA duplexes in the 5’ UTR 
that may cause the ribosome to stall. The initiation factors elFl and elFlA are also 
critical for scanning. Together they promote coirect positioning of 48 S complexes at the 
initiation codon (Pestova et al, 1998b).
The scanning model of translation initiation proposes that the first AUG codon 
encountered by the ribosome is used as the initiation codon (Kozak, 1978). This rule is 
true for 90% of cellular inRNAs, however it was subsequently found that the context of 
the initiation codon was also critical for its recognition. The optimal context for 
recognition is CCA/GCCAUGG. Positions -3 and +4 ( where the A in the AUG is +1) 
ai e the most critical suiTOunding residues and if pyrimidine residues ai e substituted at 
these positions, the initiation codon is likely to be missed by scanning 48S complexes
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(Kozak, 1987). The initiation codon is directly recognised by the UAC anticodon of the 
initiator tRNA, but additional factors such as eIF2 and eIF3 may also be required for this 
process as mutations in these proteins prevent rejection of mis-matched triplet 
interactions (reviewed in Pestova and Hellen, 2000).
1.2.1.4 Initiation factor release and ribosome subunit joining
The base pairing interaction between the codon and anticodon induces hydrolysis of 
eIF2-bound GTP (Huang et al, 1997). This reaction is a vital prerequisite for subunit 
joining and requires eIF5, a protein with ribosome-dependent GTPase activity that binds 
eIF2 (reviewed in Himiebusch, 2000). eIF5 catalyses GTP hydrolysis by eIF2, however 
when added alone to 48 S complexes assembled on globin mRNA in vitro, it was unable 
to stimulate 60S subrmit joining. eIF5B was subsequently piu'ified and was found to be 
absolutely required for subunit joining. This protein also displays ribosome-dependent 
GTPase activity, which is requiied for eIF5B release from assembled ribosomal 
complexes (Pestova eta l, 2000).
The stage at which all the initiation factors are released from 40S ribosomal subunits 
remains undetermined. It may be a necessary occurrence before 60S ribosomal subimit 
joining, however there is evidence that some factors remain associated, at least for a 
short while, upon 60S subunit joining (Poyiy et al, 2004). Once dissociated, initiation 
factors are recycled to begin new rounds of translation. Recycling of eIF2 requires a 
guanylate nucleotide exchange reaction to convert inactive eIF2-GDP to active 
eIF2'GTP. This reaction is facilitated by a guanylate nucleotide exchange protein
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eIF2B, which accelerates the rate of GDP release from eIF2, allowing prompt re-binding 
of GTP to the initiation factor (Figure 1.3) (Pavitt et al, 1998).
Binding of 60S ribosomal subunits to 40S ribosomal subunits fonns 80S ribosome 
complexes. These complexes contain met-tRNAi, which sits in the ribosomal peptidyl 
(P) site, interacting with the initiation codon. The ribosome is then competent to begin 
the elongation phase of protein synthesis.
1.2.2 Cellular regulation of translation initiation
Translation initiation is a highly complex process that can be regulated in response to a 
wide variety of stimuli such as growth factors or cell stress. Regulation is delicate and 
rapid and can be achieved by tar geting proteins involved in the initiation pathway or by 
altering the efficiency with which a particular mRNA is translated.
1.2.2.1 Regulation of eIF2
Eukaryotic cells contain 4 kinases that are able to phosphorylate eIF2 and inhibit 
translation initiation. The best characterised of these is PKR, which is activated as part 
of the host cell defence mechanism in response to dsRNA. eIF2 phosphorylation on 
serine 52 of the a-subunit inhibits global translation by causing it to act as a competitive 
inhibitor of eIF2B. Phosphorylated eIF2 has a higher affinity for eIF2B than the 
imphosphorylated protein and so prevents eIF2B from stimulating recycling of 
eIF2 GDP to eIF2 GTP after each round of initiation (reviewed in Webb and Proud,
1997).
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1.2.2.2 Regulation of eIF4E
eIF4E is also regulated by phosphorylation, however phosphorylation of eIF4E 
enhances its activity, possibly by increasing its affinity for RNA. eIF4E is 
phosphorylated on the serine 209 residue by MAP-kinase interacting kinase I (MNKI). 
MNKI interacts with eIF4G in the eIF4F complex, placing it in close proximity to eIF4E 
(Pyronnet et al, 1999). Infection with vimses such as the adenoviruses results in the 
displacement of MNKI fiom eIF4G, preventing eIF4E phosphorylation. This results in 
reduced efficiency of cellular mRNA translation (Zhang et al, 1994).
eIF4E is also regulated by a family of proteins known as 4E binding proteins (4E-BPs) 
(Pause et al, 1994a). In their imphosphorylated form, 4E-BPs bind eIF4E and prevent 
its association with eIF4G, inhibiting tr anslation. However, phosphorylation triggered 
by extracellular cues such as insulin causes them to dissociate fr om eIF4E, allowing 
eIF4E incorporation into the eIF4F initiation factor complex and upregulation of global 
translation levels (Pause eta l, 1994a).
1.2.2.3 Regulation of eIF3
eIF3 may also be regulated such that its ability to promote translation is inliibited. Cell 
str ess, particularly due to viral infection, causes induction of a cellular protein p56, 
which binds eIF3 and inhibits its interaction with the ternar y complex. This results in 
the fonnation of aberrant 43 S pre-initiation complexes that are unstable and therefore 
not competent to initiate tr anslation (Guo et a l , 2000).
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1.2.2.4 RNA Control Elements
Translation of specific inRNAs may also be controlled by RNA binding proteins. A 
well-characterised example of this mechanism is the regulation of iron homeostasis by 
translational control of fenitin niRNAs (Hentze et. al, 1987). Under conditions of iron 
depletion, a cellular cytoplasmic aconitase known as the iron response protein (IRP) is 
converted from its enzymatically active form to an RNA-binding form. The RNA- 
binding form of IRP specifically recognises and binds an RNA stem-loop structure, 
known as the iron response element (IRE), present in the 5’ UTR of ferritin niRNAs, 
preventing ribosomal scanning (Paiaskeva et al, 1999). This stiucture inhibits 
production of the ferritin protein by preventing ti anslation of the mRNA, resulting in a 
reduction in iron-chelation when iron is limiting (Rogers and Munroe, 1987).
IREs are also present in the 3’ UTR of inRNAs such as the ti ansferrin receptor mRNA. 
Here, they are also able to modulate levels of protein production, but act at the level of 
mRNA degradation. When stimulated by low intracellulai' iron levels, IRP binds to the 
IRE in the 3’ UTR of these mRNAs and prevents their degradation. This allows for 
increased tianslation of the tiansferrin receptor proteins and results in improved iron 
uptake by the cell (Hentze eta l, 1988).
1.2.3 Picornavirus regulation of translation initiation
Viruses employ many mechanisms to regulate translation initiation as this provides a 
rapid and specific way of decreasing competition with cellular mRNAs for limiting
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cellulai* factors required for viral replication. Two extensively studied initiation factor 
targets of picornavirus regulation are eIF4E and eIF4G.
1.2.3.1 Picornavirus regulation of eIF4E
Regulation of eIF4E activity is the main mechanism by which cardioviruses such as 
EMCV modify host cell ti anslation. Infection of cells with EMCV results in 
dephosphorylation of 4E-BPs, allowing them to interact with eIF4E and preventing its 
incorporation into the cap-binding complex (Gingras et ai, 1996).
1.2.3.2 Picornavirus regulation of eIF4G
AphthO", entero- and rhinoviruses all encode proteases capable of inducing eIF4G 
cleavage. This event separates the cap-binding and RNA helicase activities associated 
with eIF4F and inhibits cellular tianslation (Kiausslich et al, 1987; Devaney et al,
1988; Gradi eta l, 1998a; Belsham et al, 2000).
1.2.4 Alternative mechanisms of translation Initiation
Although the scanning mechanism of ti anslation initiation is the most common way by 
which ribosomes are recruited to initiation codons of cellular mRNAs, several other 
mechanisms exist.
Eukaryotic genes are generally transcribed as discrete units. However, in some cases 
single mRNAs containing multiple ORFs are tianscribed. Upstream ORFs (uORFs) are 
found in up to 40% of cellular mRNAs and if the uORF is short and unsti uctured
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enough to allow rapid translation, re-initiation at the downstream initiation codon may 
occur. Re-initiation relies on initiation factor remaining associated with 80S ribosomal 
complexes throughout tianslation of the short uORF (Poyry et al, 2004) and provides a 
way of producing two proteins from one transcript. However, a significant fraction of 
ribosomes will not resume scaiming and in these cases, the uORF acts as a negative 
regulator of the main (downstieam) ORF (Poyiy et al, 2004).
Ribosome shunting is a mechanism used for translation of some mRNAs to overcome 
the inhibitory effects of uORFs. Ribosome shunting was first recognised as a 
tianslational strategy employed by the cauliflower mosaic virus (CaMV) (Futterer et a l , 
1993) and more recently has been found to be the mechanism by which the ribosome is 
recruited to the initiation codon of the cellulai* mRNA encoding heat shock protein 
(HSP) 70 (Yueh and Schneider, 2000). The mechanism of shunting on CaMV RNA is 
chaiacterised by ribosome binding to the cap, followed by translation of an uORF.
Upon translation termination, the ribosome arrests at a stable RNA stiucture where it 
dissociates from the RNA and shunts substantial distances downsheam before re­
associating with the RNA and scanning to reach the initiation codon of a second ORF.
Initiation at non-AUG codons is a major mechanism by which a limited number of 
genes can produce a diverse range of proteins. The non-AUG codon is usually used in 
addition to a downstream AUG initiation codon and allows for production of different 
isoforms of the same protein (reviewed in Touriol et al, 2003). An example includes 
the cellulai* protein fibroblast growth factor-2 (FGF-2), which exists as 5 isoforms due to
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alternative initiation at 4 CUG and 1 AUG initiation codon (Florkiewicz and Sommer, 
1989).
Internal initiation of ti anslation is a fiiither example of an exception to the cap- 
dependent scanning mechanism of initiation. This mechanism was first discovered in 
picornaviruses and involves the recruitment of the ribosome to a highly sti nctured 
region of the 5’ UTR known as the internal ribosome entry site (1RES). This strategy 
for tianslation initiation has been adopted by many other vimses as well as cellular 
mRNAs, particularly those required during times of cell stress (Johannes et al, 1999).
1.2.5 Translation elongation and termination
After subunit joining, the 80S ribosomal complex is competent to begin the elongation 
phase of ti anslation. Elongation involves a number of eukaryotic elongation factors 
(eEFs), eEFlA, eEFlB, eEF2 and eEF3. These act to recmit the correct elongator tRNA 
to the ribosome acceptor (A) site before a peptide bond is formed between the amino 
acid (aa) in the peptidyl (P) site and the incoming aa linked to its cognate tRNA. eEFlA 
is required for formation of a ternary complex eEF 1 A- GTP * aa-tRN A that binds in the A 
site of the ribosomal complex. eEF IB-mediated GTP hydiolysis is requfred for eEFlA 
release (reviewed in Merrick and Nyborg, 2000). Peptidyl bond formation is carried out 
by the peptidyl ti'ansferase enzyme, which in prokaryotes is a function of the 23 S i RNA 
from the laige (50S) ribosomal subunit (Nitta et al, 1998). This reaction releases the 
tRNA from the aa.
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After aa joining, the ribosome tr anslocates 3nt downstr eam so that the next codon enters 
the A site. The aa in the A site moves to the P site and the aa in the P site is ejected 
from the ribosomal complex. This process required further GTP hydrolysis by eEF2. 
eEF3 is unique to higher flmgi and may play a role in release of the tRNA from the 
ribosome (Triana-Alonso et al, 1995).
Termination occurs when the ribosomal complex encounters one of three termination 
codons, UAA, UAG or UGA. Two eukaryotic release factors (eRFs), eRFl and eRF3 
are involved in the termination reaction. eRFl assists stop codon recognition and eRF3 
is requir ed for a GTP hydrolysis event that enables release of the completed polypeptide 
fr om the ribosome (reviewed in Welch et al, 2000). The translation complex then 
dissociates for use in the next round of tr anslation and the interaction of the initiation 
factor eIF4G with the release factor eRF3 may allow for immediate recycling of the 
translation initiation components (Uchida et al, 2002).
1.3 Picornavirus internal ribosome entry sites
The scanning model of translation initiation satisfactorily accoimts for the majority of 
initiation events on eukaryotic niRNAs. However, picornavirus 5’ UTRs display several 
properties that are incompatible with this model and so must initiate translation of their 
genome using an alternative mechanism. Picornaviruses have no 5’ cap stnicture to 
which to recruit the ribosome. They also have long 5’ UTRs containing regions of 
stable secondary structures and many potential initiation codons, which are not used for 
translation initiation.
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In 1988, Pelletier and Sonenberg demonsti'ated that the insertion of a polio virus (PV) 5’ 
UTR between two open reading fr ames (ORFs) of a dicistronic vector promoted the 
expression of the downstream cistron. Using control vectors that contained no 
intercistionic spacer they were able to demonstrate that the PV 5’ UTR was capable of 
directing translation of the downstream ORF independently of the upstream ORF in a 5’ 
end-independent manner (Figure 1.4). Northern blot analysis revealed that the 
dicistronic plasmid DNA was transcribed as one species and not cleaved into two 
monocisti'onic RNAs that were both tr anslated by a cap-dependent mechanism. Similar 
experiments using the EMCY 1RES were performed by Jang et al. (1988) and in both 
cases, deletion analysis revealed that the minimal element required to promote 
expression of the second ORF was around 450 nt in length. Further evidence for 5’ end- 
independent translation initiation followed with the demonstration that inclusion of the 
EMCV 5’ UTR allowed for tr anslation of closed circular RNAs (Chen and Sarnow, 
1995). Elements responsible for this phenomenon have subsequently been found in all 
picornavir us 5’ UTRs and are known as internal ribosome entr y sites (1RES).
1.3.1 Structure of the 1RES
The ability of the 1RES to direct translation relies on the spontaneous folding of the 5 ’ 
UTR of the RNA into specific secondary and tertiary structures. This arrangement is 
governed by the interaction of different regions of the RNA and its surroundings. The 
availability of ions is critical for maintaining stability of the structure. Divalent cations 
such as Mg^ "^  are required for neutr alisation of the negatively charged phosphate 
backbone to allow areas of the RNA to encounter each other closely enough for
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ORF 1 ORF 2
B
ORF 1 ORF 2
Figure 1.4 Demonstration of the ability of the poliovirus (PV) 5’ UTR to mediate 
internal ribosome entry. (A) Translation of the first ORF proceeds by a cap-dependent 
scanning mechanism. Upon translation termination, the ribosome dissociates from the 
mRNA and translation of the second ORF is unlikely. (B) Insertion of the PV 5’ UTR 
between the ORFs allows for independent translation of the second ORF by recruitment 
of ribosomes to an internal site.
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interactions to occur (Draper, 2004). Like most chemical reactions, spontaneous RNA 
folding tends towards a free energy minimum. This theory has resulted in the 
production of various RNA folding prediction packages such as infold (Zucker, 2003), 
which calculate the decrease in fr ee energy occurring when different areas of the RNA 
interact. This allows the prediction of the most thermo dynamically favourable RNA 
sti’uctures within a given sequence (Nowakowski and Tinoco Jr., 1997).
Since the initial discovery of 1RES elements, structural analysis has revealed that three 
groups of 1RES element (two major and one minor group) exist within the picornavirus 
family (Figure 1.5).
The model for the secondary stincture of group 11RES elements was initially proposed 
by Filipenko et al. (1989a) based on analysis of several entero- and rhino vii'us 1RES 
elements. Subsequent mutational analysis has allowed the development of a consensus 
model (Figure 1.5 A) (Niepmann, 1999). These elements are composed of five sub- 
domains, domains II to VI. Domain I consists of the extreme 5’ cloverleaf structure that 
does not play a role in translation initiation. The 1RES directs the ribosome to an AUG 
codon at its 3’ end (nt 586 in PV type 1). However, initiation of tr anslation does not 
occur at this site and instead the ribosome is believed to scan a considerable distance to 
reach the authentic initiation codon (nt 743 in PV type 1) (Pestova et al, 1994).
The structiue of type II 1RES elements was proposed based on analysis of cardio- and 
aphthoviins 1RES elements (Filipenko et al, 1989b). These elements also contain five
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sub-domains (H to L), although these structures ar e quite distinct h orn those of type I 
1RES elements (Figure 1.5B). Analysis of these elements has indicated that in contrast 
to type I elements, the ribosome is recruited directly to the initiator AUG (AUG 11 in 
EMCV st3*ain R). Occasionally initiation may occur at a second AUG codon (AUG 12 
in EMCV strain R), however, this is only 12 nt away and used infrequently (Kaminski et 
ai, 1994).
The aphthovirus 1RES elements also have an additional feature in that they contain two 
functional initiation codons, 84 nt apart (Sangar et al, 1987). The first initiation codon 
in FMDV is analogous to AUG 11 in EMCV and it is thought that nearly all ribosomes 
are recmited to this AUG codon (Belsham, 1992). Ai'ound 25% of translation initiation 
events occur at this codon, known as the Lab start site. In 75% of cases, the downsti eam 
Lb initiation codon is used to produce a truncated, but functionally equivalent fi*om of 
the L protease (Medina et al, 1993). Addition of stable secondary structures such as 
hairpin loops to the region between the two start sites has demonstrated that the majority 
of ribosomes reach the Lb start site by scanning (Poyry et al, 2001).
Hepatitis A vinrs (HAV) forms the minor group (type 111) 1RES element that contains 
four sub-domains, llla-V (Brown et al, 1994). Again, the structure is distinct, but in 
terms of initiation codon localisation, most closely resembles type II 1RES stnrctirres 
(Figure 1.5C). Two alternative initiation codons (nt 735 andnt 742) are located just 20 
nt downstream of the polypyrimidine tract associated with the 3’ end of picoriiavirus 
1RES elements. AUG nt 742 is believed to be the most cormnonly utilised initiation
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codon, but it is believed that AUG nt 735 is the codon to which the ribosome is recruited 
(Tesar et al, 1992).
Within all the 1RES groups, secondary str uctures are far more conserved than primary 
sequences. However, a sequence common to all the picornaviruses is the 
polypyrimidine tr act, located around 25 nt upstream of the initiation or ribosome entry 
codon. The firnction of this motif in all picornaviruses is unclear, although certain 
mutations of the FMDV and EMCV polypyr irnidine tr acts which introduced secondary 
structirre caused a severe reduction in translational efficiently (Kuhn et al, 1990; Jang 
and Wirnmer, 1990). However, modification of the EMCV polypyrimidine tract to a 
polypurine tract still yielded about 70% of the wild type translation initiation efficiency 
(Kaminski et al, 1994). The distance between the polypyrirnidine tract and the 
initiation codon also appears critical for correct start site selection (Nicholson et al., 
1991; Kaminski et al, 1994). Further analysis of the tract in FMDV suggests it as one 
of the binding sites for a cellular protein known as the polypyrimidine tract binding 
protein (PTB). This protein is required by some picornaviruses for stabilisation of 
secondary and tertiary strirctures within the 1RES (Luz and Beck, 1991).
A second sequence motif that is common to all picornavirus 1RES elements is the 
GNRA tetraloop (where N is any nucleotide and R is a purine (A/G)). This motif is a 
common RNA tetraloop motif with a complex RNA structure. Interactions between 
bases in the loop and the sirgai-phosphate backbone of the RNA contribute to its 
stability (Hens and Paradi, 1991). The GNRA tetraloop is present in sub-domain IV of
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type I elements, sub-domain I of type II elements and sub-domain IV of the HAV 1RES 
(reviewed in Ehrenfeld and Teterina, 2002). Mutational analysis has shown that 
maintenance of this motif is required for FMDV 1RES activity, with the terminal A of 
the loop sequence being the most critical (Robertson et ah, 1999). Stable tetialoops are 
common sites of tertiary RNA-RNA interactions or for protein recognition and so this 
loop is likely required for maintenance of 1RES structure.
1.3.2 IRES-mediated translation initiation
Translation initiation Rom a picornavirus 1RES element is believed to rely on the 
structure adopted by the 1RES. The specific structures formed result in the display of 
sequence and structural motifs that are potential sites for long-range RNA-RNA 
interactions within the 1RES that allow the 1RES to adopt the conect tertiary 
conformation. These motifs may also serve as binding sites for proteins directly 
involved in translation initiation (e.g. canonical initiation factors), transacting factors 
required for 1RES stability or interactions with ribosomal RNA (rRNA). The model for 
translation initiation fr om picornavirus 1RES elements proposed by Jackson et al. (1990) 
suggests that these structural motifs promote ribosome recruitment at or near to the 
AUG codon at the 3’ end of the 1RES. However, as discussed previously, this AUG 
codon may not be the authentic irritiation codon.
1.3.2.1 Canonical initiation factor requirements
The requirements of cap-dependent tr anslation and picornavirus IRES-mediated 
translation for the cellular canoirical initiation factors are very similar. However, the
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intact eIF4F initiation factor complex is an absolute requirement for cap-dependent 
translation, whereas picornavirus IRES-mediated tr anslation can occur with an 
incomplete eIF4F complex. A hallmark of picornavirus infection is the rapid inliibition 
of host cell protein synthesis. This inhibition is achieved by picomavirus-mediated 
modification of the elF4F complex such that it is unable to support cap-dependent 
translation, but remains competent to direct internal initiation of tr anslation.
1.3,2.1.1 Picornavirus-niediated shut-off of host cell translation
The major mechanism by which inhibition of host cell tr anslation is achieved during
I
picornavirus infection is through the cleavage of the elF4G component of the elF4F j
initiation factor complex. Cleavage results in the formation of an N-terminal elF4G 1
cleavage product that binds the cap-binding protein elF4E, but not elF4A or the 43 S }
ribosomal pre-initiation complex. Thus, ribosonral recruitment to the cap structure on 
niRNAs is prevented. The C-terminal elF4G cleavage product that binds elF4A and the 
43 S pre-initiation complex is believed to be able to interact directly with many 
picomavirus 1RES elements and thus ribosome recruitment to the 1RES and translation 
initiation proceeds (Ohlmann et ai, 1996).
Host cell tr anslation shut-off r equir es the cleavage of both forms of elF4G (namely 
eIF4Gl and II) (Gradi et al, 1998b) and is mediated by the 2A ‘^^ ° of the enter o- and 
rhinoviruses (Krausslich et al, 1987) and the and 30^ *^ ° of the aphtho viruses 
(Medina et a l , 1993 ; Belsham et a l , 2000). In certain cell types, co-expression of these 
proteases with 1RES elements of the entero- and rhinoviruses appears to enhance
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translation directed by these 1RES elements (Ziegler et a l ,\995\ Borman et al, 1995; 
Roberts et al, 1998).
More recently it has been shown that elF4G is not the only target of the viral proteases 
during host cell tr anslation inhibition. The of poliovirus was found to induce the 
cleavage of polysome-associated poly-A binding protein (PABP). PABP cleavage is 
thought to play an important role in translation inhibition in poliovirus-infected cells. 
Cleavage removes the C-terrninal domain (CTD), however the N-terminal domain 
contains the binding sites for both elF4G and the poly (A) tail and so cleavage of PABP 
alone does not prevent circularisation of the mRNA during tr anslation. Thus, it is 
suggested that PABP cleavage may affect translation by acting at a later stage. Indeed, 
the CTD contains the eRF3-interacting domain and so it could be speculated that PABP 
cleavage may affect efficient ribosome recycling (Kuyurncu-Martinez et ai, 2004).
Host cell translation inhibition by the cardioviruses is not mediated by elF4G cleavage. 
Instead, die interaction of elF4E with elF4G within the elF4F complex is prevented. 
Infection with cardioviruses such as EMCV results in dephosphorylation of eIF4E 
binding protein-1 (4E-BP1). Once dephosphorylated, 4E-BP1 is able to interact with 
elF4E, preventing its binding to elF4G and thus inhibiting ribosomal recruitment to the 
5’ cap (Gingras et al, 1996).
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1.3.2.1.2 Canonical initiation factor requirements for picornavirus translation
In vitro reconstitution of 48S pre-initiation complexes on the EMCV 1RES element has 
revealed that this virus requires all the canonical initiation factors used during cap- 
dependent translation (Section 1.2), with the exception of the cap-binding protein eIF4E 
for 48S pre-initiation complex formation at the 1RES (Figure 1.6). An absolute 
requirement for eIF2, eIF3, eIF4A and either eIF4F or the central third of eIF4G was 
demonstiated. 48 S complex formation was enhanced in the presence of eIF4B (Pestova 
et al, 1996a). The requirement for eIF4A was further confimied using dominant 
negative mutants of eIF4A. These proteins are deficient in the RNA helicase and 
recycling activities associated with eIF4A and were used to demonstiate that 
picomavii us IRES-mediated tr anslation required the presence of eIF4A as part of the 
eIF4F initiation factor complex (Pause et al, 1994b).
An in vitro system for reconstitution of 48S complexes on 1RES elements of the entero- 
and rhinoviruses is currently unavailable. However, U.V. cross-linking assays and 
mutational analysis has recently indicated that eIF4B and elF4G bind strongly to domain 
V of the poliovirus 1RES, suggesting that initiation factors required for class II IRES- 
mediated tianslation are also required for class 1 IRES-mediated translation (Ochs et al, 
2002; Ochs eta l, 2003)
elFl and elFl A do not appear to be required for 48S complex formation on the EMCV 
1RES, however, their inclusion in reactions promoted 48S complex formation at the 
'correct' AUG codon (AUG 11 in EMCV strain R) and destabilised complexes formed
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Figure 1.6 48S pre-initiation complex formation on different 1RES elements. The
canonical initiation factors required for ribosome recruitment to the class 1 and II 
picomavirus 1RES elements (A), the class III HAV 1RES (B) and the flavivirus 1RES 
elements (C) are shown.
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at the ‘incorrect’ AUG codon (AUG 10). In their absence, 48S pre-initiation complex 
formation at AUG 10 and 11 was equal (Pestova et al, 1998b).
1.3.2.1.3 Hepatitis A virus (HAV) initiation factor requirements
HAV is a non-lytic virus with an unusual 1RES element. It is the only member of the 
picomavirus family identified to date that contains a class III 1RES element. The 
canonical initiation factor requii ements for HAV IRES-mediated ti anslation are also 
unusual as HAV has an absolute requirement for eIF4E (Borman and Kean, 1997) 
(Figure 1.6). Indeed, no virus-mediated shut-off of host cell translation is observed 
upon infection with HAV and addition of picomaviius proteases such as 2A^ '^ °, or 4E- 
BPl inhibits translation directed by the HAV 1RES (Ali et al., 2001). The reason for the 
requirement for eIF4E remains unclear as it does not appeal' to foiin a diiect interaction 
with the 1RES element and the HAV 1RES is able to bind eIF4G that has been cleaved 
with the same affinity as imcleaved eIF4G. It is therefore suggested tliat factors that are 
associated with the N-terminal of eIF4G ai e either requii ed directly or induce a 
confomiational change in eIF4G that is necessary for efficient ti anslation directed by the 
HAV 1RES element (Borman et al, 2001).
1.3.3 Trans acting factor requirements
Although the canonical initiation factor requirements of most picomavimses ai e similar, 
there are clear differences in theii' abilities to direct translation in cells of different 
origins. This was first observed for polioviius, which was only able to direct inefficient 
and inaccurate translation in the in viù'o rabbit reticulocyte lysate (RRL) system unless
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supplemented with a HeLa cell extract (Brown and Ehienfeld, 1979; Dorner et al,
1984). Subsequently, all the class I picornavirus 1RES elements have been shown to 
have the same requirements for HeLa cell supplementation (Borman et al, 1995). Low 
activity of the HAV 1RES in RRL was also observed that could only be rescued upon 
addition of liver cell exti act (Glass and Summers, 1993).
A difference in efficiency of picornavirus IRES-mediated ti anslation has also been 
observed within intact cells of different origins. For example, whilst neuro-2A cells (a 
mouse neuronal cell line) are able to support efficient translation directed by the class II 
1RES elements, class I and III 1RES elements are, perhaps suiprisingly, considerably 
less efficient in these cells (Borman et a l, 1997). Thus, it appears that different 1RES 
elements require the presence of certain cellular proteins, known as trans-acting factors, 
for optimal translation efficiency and that the availability of these factors may play an 
important role in determination of the tissue tropism of the virus. These proteins ai e 
believed to be required for the maintenance of 1RES structure such that the ribosome is 
able to interact with the 1RES at or near to the AUG codon at the 3’ end.
1.3.3.1 La
The first tians-acting factor to be detected by U.V. cross-linking and functional assays 
was a 52 kDa polypeptide that binds the 1RES of poliovims (Meerovitch et al, 1989). It 
was then identified fiom HeLa cells as the human autoantigen La (Meerovitch et al, 
1993).
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Addition of purified La stimulates poliovirus ti anslation in RRL and also corrects 
abeiTant tianslation of poliovirus in this system (Meerovitch et al, 1993). However, the 
concentr ations of La required for efficient stimulation were much higher than 
physiological concentr ations. Thus, it has been suggested that at high concentr ations.
La is able to mimic the actions of other factors present, in HeLa cell extr acts that are 
required for poliovir us tr anslation (Jackson, 2002). Despite this suggestion, it is likely 
that La does play a role in poliovirus IRES-mediated tr anslation as upon poliovirus 
infection, La, a mainly nuclear protein, is cleaved by the 3C^ °^ of poliovirus and the N- 
terminal cleavage product redistributed to the cytoplasm, the site of picornavir us 
replication. This cleavage product retains the ability of La to act as an enhancer of 
poliovirus translation in vift'o (Shiroki et al, 1999).
Dominant negative La proteins and small-interfering RNA (siRNA) experiments have 
also been used to confirm a role for La in both poliovirus tr anslation and tr anslation of 
the flavivhus, hepatitis C virus (HCV). Tliese investigations suggested that La was 
absolutely required for translation. Inclusion of dominant negative La protein in RNA- 
ribosome binding assays inhibited the formation of 48S and 80S initiation complexes on 
the 1RES elements of poliovirus and HCV (Costa-Mattioli et al, 2004). Moreover, La 
has been shown to directly bind 18S rRNA, suggesting that unlike most trans-acting 
factors. La may play a direct role in ribosome recruitment to the RNA (Peek et al,
1996).
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Recently, La has also been found to be required for ti anslation of another enterovirus. 
Coxsackievirus B3 (CVB3) in vitt‘o (Ray and Das, 2002). This finding provided an 
interesting link between the tissue ti opism of the virus and the presence of trans-acting 
factors. Tlie CVB3 receptor is displayed on most tissue types, but CVB3 only infects 
certain organs such as the pancreas and spleen. The authors examined the concentration 
of La protein in these tissue types and found them to contain very high concentrations of 
La (Ray and Das, 2002).
1.3.3.2 Polypyrimidine tract binding protein (PTB)
A 57 kDa protein was fust identified by Jang and Wimmer (1990) as an EMCV IRES- 
binding protein. These observations were followed by Luz and Beck (1991) who 
identified a 57 kDa protein that binds to two sites in the FMDV 1RES. This protein was 
subsequently identified as the polypyrimidine tract binding protein (PTB), a cellulai" 
protein that acts as a negative regulator of pre-mRNA splicing (Hellen et al., 1993). 
However, binding of a protein does not indicate a flmctional requii ement and since these 
findings, much effort has been afforded to determine the functional relevance of PTB 
binding to the vaiious 1RES elements.
One of the first observations regarding the flmctional importance of PTB was made by 
Nicholson et al (1991), who found that mutations in the polypyrimidine tract, a binding 
site for PTB, abolished poliovirus tianslation in vitro. The requirement of poliovii'us and 
HRV for PTB was further confirmed using the in vitro RRL system that does not 
support translation of these viruses. Addition of purified PTB to these extracts
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significantly enhanced the ability of the 1RES elements to mediate translation (Hunt and 
Jackson, 1999).
The requirement of the encephalom yocarditis virus (EMCV) and Theilers' mui ine 
encephalitis virus (TMEV) 1RES elements for PTB remains uncleai*. Initial observations 
suggested that EMCV contained a PTB-dependent 1RES, whilst the closely related 
TMEV contained a PTB-independent 1RES (Kaminski et al, 1995). However, it was 
subsequently foimd that the EMCV 1RES used in these experiments did not contain the 
wild-type RNA sequence and instead contained an adenosine (A) bulge of 7 residues 
rather than 6. The TMEV 1RES studied contained the wild-type, 6 residue bulge. The 
EMCV 1RES was also âised to a downstieam heterologous reporter gene, whereas the 
TMEV 1RES was flised to viral coding sequences. The authors found that attaching the 
wild-type EMCV 1RES to its own protein coding sequence relieved the PTB- 
dependence of the EMCV 1RES and that enlargement of the 6nt A bulge or attachment 
to a heterologous reporter conferred PTB-dependence on the TMEV 1RES. Thus, it has 
been concluded that wild-type cardioviius 1RES elements have no requirement for PTB 
(Kaminski and Jackson, 1998). Contiadictory reports from Pilipenko et al (2001) have 
however, suggested that a neurovirulent strain of TMEV (GDVII) does require PTB for 
activity.
FMDV also has a flmctional requirement for PTB in vitro as RRL depleted of PTB is 
only able to support FMDV translation at levels of aioimd 30% of control levels
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(Niepmann et al, 1997). In these experiments, translation could be restored by adding 
only small quantities of PTB into the system.
The requii'ement of HAV for PTB may go some way towards explaining the tissue 
tropism of the vii'us. Venkati amana et al. (2003) identified a naturally occurring 25 kDa 
PTB cleavage product (p25) in certain murine tissues. Particularly high levels of p25 
were identified in mouse kidney cells, which are unable to support HAV translation. 
p25 was shown to bind at the PTB binding site on the HAV IRES and prevent the 
interaction of PTB with the 1RES.
It has recently been suggested that PTB may play a role in the switch fiom poliovirus 
translation to replication during the vii al lifecycle. PTB is a target of the poliovirus 
protease 30"^°. The cleavage fragments that accumulate during viral infection are 
inhibitory to poliovims 1RES activity as they bind to the 1RES and prevent the 
interaction of intact PTB (Back et a l, 2002). These fiagments are also incapable of 
mediating an interaction with another tians-acting factor required for poliovims 
translation, poly (C) binding protein (PBCP). PCBP has previously been implicated in 
the switch between tianslation and replication as it is able to bind to both the poliovirus 
1RES element dming ti anslation and the 5’ cloverleaf stmcture. The affinity of PCBP 
for the cloverleaf stiucture is increased when this structure is bound by the poliovirus 
polymerase precursor protein 3CD '^ °^. This increased affinity was believed to encourage 
PCBP dissociation from the 1RES and preferential binding at the cloverleaf stmcture. 
The role of PCBP in this process has been questioned as physiological concentrations of
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PCBP would be expected to allow binding at both sites simultaneously, despite the 
increased affinity of PCBP for the cloverleaf (Gamarnik and Andino, 1998). However, 
inhibition of the interaction between PTB and PCBP that occurs upon PTB cleavage 
may liberate PCBP fiom the 1RES, destabilising the 1RES and encouraging RNA 
replication (Back et al, 2002).
1.3.3.3 Unr
The involvement of the cellular protein Unr (upstream of N-Ras) in IRES-mediated 
tr anslation was identified by Hunt and Jackson (1999). HeLa cell fr actions that 
stimulated the human rhinovirus (HRV) 1RES activity in rabbit reticulocyte lysate 
(RRL) were separated and two factors identified. The first was identified as PTB, 
alr eady known to be requir ed for translation dir ected by some picornavirus 1RES 
elements. The second factor contained two components, p38 (a 38 kDa protein) and Unr 
(a 97 kDa protein).
Unr is a member of the cold-shock family of single-stranded RNA binding proteins. Its 
function in cells is imcleai', but Unr knockouts in mice are lethal at the embryonic stage 
(Hunt et al, 1999). p38, also known as mrrip, is a novel member of the GH-WD repeat 
protein family that has no RNA binding activity.
Hunt and Jackson (1999) showed that purified Urn- stimulated HRV translation in the in 
vitro RRL system. When added together with PTB, the effect was more than additive. 
p38 had no effect on translation when added alone or in combination with Unr or PTB.
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However, the authors suggest that p38 may be required for Um* function in intact cells, 
but that in a cell-free system, improper folding occurs, causing inactivation of the 
protein.
More recently, an in vivo requirement of the HRV and poliovir us 1RES elements for Unr 
has also been demonstrated with the use of Um-knockout embryos (Boussadia et al,
2003).
1.3.3.4 Poly (C) binding protein 2 (PCBP2)
Poly (C) binding protein 2 (PCBP2) is a cellular' protein containing a K homology (KH) 
RNA binding domain and is required to support poliovirus translation (Blyn et al,
1995). Mutations in stem-loop IV of the 1RES abrogated PCBP2 binding to the 1RES 
and inhibited translation (Blyn et al, 1996). Functional assays have proved a functional 
role for PCBP2 in poliovirus translation. HeLa cell extracts depleted of PCBP2 were 
unable to support poliovirus translation, however, addition of recombinant PCBP2 was 
able to fully restore translation (Blyn et al, 1997). HAV is also believed to require 
PCBP2 for activity as HeLa cell extracts depleted of PCBP2 were able to support only 
very low levels of HAV IRES-mediated translation, which was restored upon addition 
of recombinant PCBP2 (Graff et al, 1998).
PCBP2 is also able to interact with the 1RES elements of the cardio- and aphthoviruses, 
however a functional requirement for this protein has not been demonstrated (Walter et 
al, 1999; Stassinopolous and Belsham, 2001).
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1.3.3.5 1RES specific cellular trans-acting factor (ITAF-45)
Reconstitution of 48S pre-initiation complexes on RNA transcripts containing the 
FMDV 1RES revealed that the canonical initiation factors eIF2, eIF3, eIF4A, eIF4B and 
eIF4F, although sufficient for 48S complex formation on RNA transcripts containing the 
EMCV 1RES, were not sufficient for ribosome recruitment to the FMDV 1RES.
Addition of PTB, a known requirement of the FMDV 1RES for tr anslation initiation did 
not rescue 48S pre-initiation complex formation (Pilipenko et al, 2000). These 
observations suggested that RRL, in which FMDV translates efficiently, contains other 
factors required for FMDV 1RES activity. A 45 kDa protein, ITAF-45 (subsequently 
identified as murine proliferation-associated protein-1 {Mppl) that is only expressed in 
proliferating cells) was isolated from RRL. ITAF-45, in combination with all the 
canonical initiation factors and PTB was able to promote the efficient assembly of 48 S 
pre-initiation complexes on the FMDV 1RES (Pilipenko et al, 2000).
Footprinting analysis of the binding site for ITAF-45 on the FMDV 1RES showed that it 
protects nucleotides in domain I and that addition of this protein to the RNA enhanced 
the susceptibility of the apical region of domain 1 and domain L to modification by 
CMTC, that reacts with impaired luacil and guanine residues, suggesting that binding of 
ITAF-45 alters the conformation of the 1RES (Pilipenko et al, 2000). These results 
support a role for trans-acting factors in 1RES folding rather than a direct role in 
ribosome recruitment.
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1.3.3.6 Nucleolin
Nucleolin is a 110 kDa polypeptide that has been shown to relocalise to the cytoplasm 
following infection of the cell with poliovirus. hiitially, a role for nucleolin in the viral 
lifecycle was suggested as its depletion from cell-fr ee extracts that aie usually able to 
support poliovirus replication led to a decrease in the number of infectious virus 
particles recovered (Waggoner and Sarnow, 1998). More recently it has become cleai" 
that it plays a role in translation dfrected by the entero- and rhinovirus 1RES elements as 
well as that dfrected by the HCV 1RES element (Iziuni et al., 2001). In vitro analysis 
and transient expression assays in HeLa cells demonsti ated that addition of a dominant 
negative mutant of nucleolin inhibited translation, whilst addition of pui ified nucleolin 
could enhance ti anslation. However, over-addition of nucleolin had an inhibitory effect 
on translation that has been explained by its strong affinity for RNA. At high 
concenti'ations, the authors propose that nucleolin binds to the 1RES at inappropriate 
sites and inhibits translation (Izumi et al, 2001)
1.3.3.7 Viral proteins
Proteins encoded by the picornaviruses themselves are also capable of stimulating the 
activity of 1RES elements in certain cell types, although their activity is not an absolute 
requirement for IRES-mediated tianslation (Borman et al, 1997). The 2A and L 
proteases can stimulate tr anslation directed by class 11RES elements in baby hamster 
kidney (BHK) cells and class I and II 1RES elements in normal rat kidney (NRK) cells. 
However, no stimulation was observed in human osteosarcoma (HTK-143) cells 
(Roberts et al, 1998). Many theories have been proposed to explain the stimulation
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mediated by the viral proteases. These include a direct interaction between the proteins 
and the 1RES or a loss of competition from capped inRNAs, which are inhibited upon 
addition of these proteases in tr ansient expression assays. However, the L and 2A 
proteases are capable of stimulating 1RES elements that they would not normally 
encounter. They must also be present as active proteases in order to mediate stimulation 
of translation. Thus, it appears that these proteases stimulate translation by cleaving an 
inhibitor of 1RES activity that is present in certain cell types or producing an activator of 
1RES activity (Roberts et al, 1998).
1.4 Other 1RES elements
Picornavirus genomes were the first RNA molecules identified that contained an 1RES 
element. Since their discovery, 1RES elements have been identified in many other virus 
genomes, as well as an increasing number of cellular inRNAs.
1.4.1 Viral 1RES elements
Vims genomes in which 1RES elements have been identified include other RNA viruses 
such as the Flaviviridae and Dicisti^oviridae (discussed below) and Retrovwuses such as 
the Lentivirus human immunodeficiency vims (HIV-1), in which the 1RES is required 
for translation of the gag ORF (Buck et al, 2001). DNA vfruses such as Kaposi’s 
sarcoma virus, a member of the Herpesviridae family, also contain an 1RES element, 
which in this case is required for translation of ORF-71 (vFLIP) (Bielski and Talbot, 
2001).
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1.4.1.1 Flaviviridae 1RES elements
The Flaviviridae contain single-stranded RNA genomes and the family is cunently 
classified into three genera. Of these, viruses belonging to the Hepaci- and Pestivirus 
genera translate their genomes in an IRES-dependent manner (Tsukiyania-Kohara et ai, 
1992; Poole eta l, 1995).
Since their discovery, these 1RES elements, particularly those present in the hepatitis C 
vims (HCV) and classical swine fever virus (CSFV) genomes, have been extensively 
characterised. These 1RES elements are generally shorter than the picornavims 1RES 
elements and fold into a distinct structure comprised of two (CSFV) or three (HCV) 
main domains (Figure 1.5D). The last domain present in the HCV 1RES involves the 
initiation codon and downstream coding sequences, a requirement not observed for 
CSFV or picornavirus 1RES mediated translation (Honda et al, 1996a; Reynolds et a l, 
1995).
The flavivims 1RES elements also rely on host cell proteins for ribosome recruitment to 
the 1RES, but compared to picornaviruses, their requirements aie minimal. Uie 
initiation factor complex eIF4F is dispensable and in fact the flavivirus 1RES elements 
can dfrectly interact with the 40S ribosomal subunit (Pestova et al, 1998a). This 
interaction requfres the specific structures formed within the 1RES, particularly the 3’ 
pseudoknot, to functionally replace initiation factors (Wang et al, 1995; Rijnbrand et 
al, 1997; Kolupaeva et al, 2000a). For correct positioning of the 40S ribosomal 
subunit at the initiation codon to form the 48S pre-initiation complex, only elF2, as pai t
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of the ternary complex eIF2-met-tRNAi-GTP, is required (Pestova et a l, 1998a). eIF3 is 
required for 60S ribosomal subunit joining to form the 80S initiation complex that is 
competent to initiate tianslation of the flavivirus genome (Pestova et al, 1998a).
It is also clear that initiation of HCV translation can occur at non-AUG initiation codons 
such as AUU or CUG codons. This is presumably due to the sti ucture of the 1RES 
ensuring that the ribosome is placed in very close proximity to the initiation codon 
(Reynolds et al., 1995)
1.4.1,2 Dicistroviridae 1RES elements
The insect picorna-like viruses such as cricket paralysis virus (CrPV) contain dicistronic 
RNA genomes in which both cisti ons are translated in an 1RES -dependent manner. 
Translation of the downsti eam cisti on has received tlie most attention as ti anslation 
initiation occurs at a non-AUG codon, either a glutamine (CAA) or alanine (GCU/GCA) 
codon (Wilson et al, 2000a; Sasaki and Nakashima, 2000). Furthermore, tianslation 
initiation does not require any of the canonical initiation factors required for cap- 
dependent or picornavirus IRES-mediated translation (Jan and Sarnow, 2000). 
Translation initiation relies only on the stiuctural features associated with the 1RES, 
most notably a pseudoknot inunediately preceding the initiation codon (Sasaki and 
Nakashima, 2000). This lack of initiation factor requirement represents the opposite end 
of the spectrum from the requirements of the HAV 1RES, which is completely reliant on 
host cell factors for translation initiation. It allows CrPV to mediate translation of the
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sti uctural proteins of the vii us late in infection, when eIF2 is limiting due to the 
induction of host cell defence mechanisms (Wilson et a/., 2000b).
1.4.2 Cellular 1RES elements
1RES elements are also present in cellular niRNAs and it is likely that up to 10% of 
inRNAs are able to initiate translation hom an 1RES (reviewed in Stoneley and Willis, 
2004). Many IRES-containing inRNAs encode proteins that are intiinsically involved in 
cell growth and cell death, suggesting that a major puipose of these 1RES elements is to 
allow translation of their inRNAs during times when cap-dependent translation is 
prevented.
inRNAs encoding proteins such as eIF4G, required both for cap-dependent and IRES- 
dependent translation initiation, and the trans-acting factor La have been suggested to 
contain 1RES elements, which must be critical for allowing continued IRES-mediated 
translation when cap-dependent tianslation is inhibited (Gan and Rlioads, 1998; Carter 
and Sai'iiow, 2000). Many niRNAs encoding proteins required at times of cell stress 
also contain 1RES elements. For example, amino acid starvation of mammalian cells 
results in a decrease in global tianslation due to eIF2 phosphorylation. However, the 
production of the cationic amino acid transporter (Cat-1) is increased due to the 
presence of an 1RES element in the 5’ UTR of its iiiRNA (Fernandez et ai, 2001).
1RES elements have also been identified in genes required for cell cycle regulation. 
During the G2/M phase, cap-dependent translation is inhibited, however IRES-
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dependent translation can continue, allowing ti anslation of kinases requii ed for cell 
cycle progression such as p58‘’"^ “^‘^ (Comelis et al, 2000).
Cellular 1RES elements may play a major role in the progression of some cancers. The 
X-linked inhibitor of apoptosis (XIAP) is involved in the regulation of apoptosis by 
caspase inhibition. This protein is produced by IRES-mediated translation under 
conditions of cell sti'ess and may enhance the survival of some cancer cell lines by 
preventing apoptosis (Holcik et al, 2000).
1.5 Aims
This project involved the characterisation of novel picornavirus 1RES elements, based 
on our previous observations that the 1RES element within the porcine teschovhus-1 
(PTV-1) 5’ UTR displayed properties that were quite distinct fi'om those associated 
with picornavirus class I, II and III 1RES elements (Kaku et a l, 2002; Pisaiev et al,
2004) (discussed in chapter 3). Detailed analysis of the size and canonical initiation 
factor requirements of the PTV-1 1RES element was undertaken that suggested that the 
str ucture of this 1RES was unusual compared to other picomavii us 1RES elements.
Thus, a secondary structure model for this 1RES element was derived.
During the course of this work, it became clear that other picornavhuses, particularly 
those belonging to the recently proposed Sapeloviriis genus, shared significant sequence 
homology with the PTV-1 5’ UTR. Thus, these 1RES elements were also chaiacterised 
and secondary structure models proposed.-
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A second featiu e of this project was to determine proteins that interact with the 1RES of 
foot-and-mouth disease virus (FMDV) in cells. Cellular and vhal 1RES elements appear 
to require accessory proteins for their activity. These proteins are termed trans-acting 
factors and may be required for stabilisation of secondary and tertiary sh uctures within 
the 1RES. Many of the trans-acting factor requirements of the picornavhus 1RES 
elements have been proposed based on in vitro analysis and as such may not correspond 
to trans-acting factors required by the FMDV 1RES in vivo. Thus, a cell based system 
was designed that could potentially allow identification of proteins that interact with the 
FMDV 1RES in cells.
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CHAPTER TWO 
GENERAL MATERIALS AND METHODS
Details of common buffers and solutions are given in appendix II
2.1 Cell lines and virus stocks
2.1.1 Cell lines
Baby Hamster Kidney (BHK) cells were maintained using Dulbecco’s Modified 
Eagles Media (DMEM) with 25mM HEPES buffer containing 10% foetal bovine 
serum (FBS), 2mM glutamine, 100j.ig/ml streptomycin sulphate and lOOU/ml 
penicillin. Cells were grown at 37°C/5% CO2 in a LEEK MK II incubator.
2.1.2 Vaccinia virus stocks
An 80% confluent 75cm^ flask of BHK cells was infected with lOOpl recombinant 
vaccinia virus (vTF7-3) that encodes the T7 RNA polymerase of the T7 
bacteriophage (Fuerst et a l, 1986) in 5ml DMEM supplemented with 25mM HEPES 
and 2% FBS. After incubation for 1 hour at 37®C a further 20ml of 
DMEM/HEPES/2% FBS was added. Cells were left until high levels of CPE were 
observed. Virus infected cells were ft ozen at -20°C overnight and then freeze- 
thawed three times to lyse the cells. The virus-containing medium was stored at 
-20°C until required.
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2.1.3 Bacterial cells
E. coli DH5-a cells were streaked onto a Luria Bertani (LB) agar plate and incubated 
at 37°C overnight. A colony was picked and grown overnight at 37°C in 10ml LB 
medium. The overnight culture (50p,l) was added to 10ml LB medium and grown up 
at 37°C until cells reached an optical density (OD)6oo of 0.2-0.8. 4ml of this culture 
was added to 6ml of 20% LB-glycerol solution (Appendix ÏI) and the cell suspension 
frozen at -70®C until required.
2.2 RNA techniques
To minimise RNA degradation, sterile, nuclease-Eee solutions were used for all 
RNA techniques.
2.2.1 Phenol/chloroform extraction of RNA
To purify RNA h om solution, an equal volume of phenol/chloroform/isoamyl 
alcohol (25:24:1 v/v) (Invitrogen) was added to each reaction and the tubes vortexed 
briefly. The reactions were centiifuged in the Eppendorf 5471 refrigerated bench 
top centrifuge for 1 minute at 14,000 ipm and the aqueous phase was transferred to a 
fresh tube. RNA was precipitated overnight in 2.5 volumes 100% ethanol (EtOH), 
1/10^  ^volume 3M sodium acetate (NaOAC) and Ipl glycogen (Roche). After 
precipitation, the RNA was washed once in 70% EtOH and resuspended in 20pl 
nuclease-free dH20.
2.2.2 DNase treatment of RNA
Precipitated RNA (20pl) was incubated with 5pi RQl buffer (Promega), 23pl dH20 
and 2pl RQl DNase (lU/pl) (Promega) for 30 minutes at 37°C. RQl stop solution
62
CHAPTER TWO METHODS
(Promega) (4pl) was then added and the reactions incubated for 10 minutes at 65°C. 
RNA was re-purified by phenol/chloroform precipitation as detailed in section 2.2.1 
and stored at -20°C until required.
2.2.3 Reverse transcription (RT) polymerase chain reaction (PCR)
Purified total cellular RNA (5 jig) was added to 2pl random hexanucleotide primers 
(50ng/|il) (Roche) and made up to a total volume of lOpl with nuclease-free dH2Û. 
The reactions were incubated at 70®C for 5 minutes and allowed to cool at room 
temperature for 10 minutes. During this incubation, reverse transcription buffer mix 
(Appendix II) was prepared and lOpl was added to each sample. The reactions were 
incubated at room temperature for 5 minutes and then at 37°C for 60 minutes. The 
cDNA was stored at -20”C until required.
2.3 DNA techniques
2.3.1 Agarose gel electrophoresis
Agarose gels (1%) were made using Ix TAB buffer and electiophoresis grade 
agarose powder (Invitrogen) (Appendix II). Ethidium bromide (EtBr) (Sigma) was 
added to the molten agarose at a final concentiation of 0.5|ig/ml before the gel was 
cast. Samples for analysis were added to 6x blue/orange loading dye (Promega) and 
dH20 before being loaded into the wells. For reference, a Ikb DNA ladder (5pl) 
(Promega) was also run. Gels were run in Ix TAB buffer containing 0.5|Llg/ml EtBr. 
Bands were visualised using a transluminator and the GelDoc program (BioRAD).
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2.3.2 Low melting point (LMP) gel electrophoresis
LMP agarose gels were used for purification of DNA. LMP agarose (1%) gels were 
made using Ix TAB buffer and electrophoresis grade LMP agarose powder 
(Invitrogen) (Appendix II). EtBr was added to the molten agarose at a final 
concentration of 0.5jig/ml before the gel was cast. Gels were run in a Ix TAB buffer 
containing 0.5jig/ml EtBr. The DNA bands were observed under low intensity ulti'a 
violet (U. V.) light and the appropriate bands excised fiom the gel. The DNA was 
purified fiom the gel using the Amersham GFX™ PCR DNA and Gel Band 
purification kit, according to the manufacturer’s protocol. The DNA was eluted in 
50|il dH20 and quantified by comparison with XlIHEcoRITiHh marker (Promega) 
(Appendix II) on a 1% agarose gel.
2.3.3 Restriction digests
For analytical digests, 1 jig of plasmid DNA was added to an appropriate amount of 
each restr iction enzyme (Promega/NEB), 2jil of the supplied lOx enzyme buffer and 
the reactions made up to 20jLil with dH20. Digests were incubated for 2 hours at 
37”C and the sample, mixed with 4jil of blue/orange 6x loading dye was analysed by 
electrophoresis as described in section 2.3.1.
For preparative digests, 5 jig of the plasmid DNA and an appropriate amount of 
restriction enzyme were used in a 50jil volume digest. Digests were incubated for 2 
hours at 37°C and 5|il of the digest was analysed on a 1% agarose gel.
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2.3.4 DNA polymerase 1 (Klenow fragment)/T4 DNA polymerase
DNA polymerase I (Klenow fragment) and T4 DNA polymerase were used for blunt 
end repair of DNA . Ipl Klenow or T4 DNA polymerase (5U/pl) (Promega) was 
added directly to 50pl of preparative restriction digests, with 1.5 pi lOmM dNTPs 
(fiom PCR nucleotide mix, Promega). The reaction was incubated at room 
temperature for 30 minutes.
2.3.5 Calf intestinal alkaline phosphatase (CIAP) treatment
To remove 5’ phosphate groups, the DNA was incubated for 30 minutes at 37®C with 
0.5pl CIAP (lU/pl) (Promega) and 5pi lOx dephosphorylation buffer (Promega).
2.3.6 Gradient PCR
For each reaction, 50ng of template DNA, 5pmol of each primer (forward and 
reverse) (Sigma/MWG), 0.5pl lOmM dNTPs (PCR nucleotide mix), 2.5pl lOx PCR 
reaction buffer (Promega) and 0.25pl Pfii DNA polymerase (3U/pl) (Promega) was 
used. Reactions were made up to 25pl with dH20. PCR cycles were performed in 
the mastercycler gradient PCR machine (Eppendorf) using the programme detailed 
in table 2.1 A. A 5pl aliquot of the PCR reaction was added to 3pl 6x blue/orange 
dye and 12pl dH20 for analysis on a 1% agarose gel and the reactions stored at 
-20°C until required.
2.3.7 PCR
PCRs were performed using the primers listed in the appropriate results chapters.
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A
Step Temperature Time
1 Initial Dénaturation 95 ''C 2 minutes
2 Dénaturation 95 °C 45 seconds
3 Annealing*’ 60 "C 45 seconds
+0.0“ +0.05“
R‘“=3.0“ /s +0.0"/s
G’’=10“
4 Elongation 72 °C 2 minutes/kb
Go to 2, repeat 34 times
5 Final Elongation l l^ C 5 minutes
6 Hold 1 hour
B
Step Temperature Time
1 Initial Dénaturation 95 T 5 minutes
2 Dénaturation 95 "C 45 seconds
3 Annealing*' 55 °C 1 minute
4 Elongation 72 “C 2 minutes/kb
Go to 2, repeat 30 times
5 Final Elongation 72 °C 7 minutes
6 Hold 4 T 1 hour
Step Temperature Time
1 Dénaturation 95''C 20 seconds
2 Annealing*' 50 °C 20 seconds
4 Elongation 60 °C 4 minutes
Go to 1, repeat 30 time
6 Hold 4 ‘^ C 1 hour
Table 2.1 Details of PCR cycles. (A) Gradient PCR cycle details. The annealing 
temperature was adjusted according to the melting temperature (Tm) of the primers. 
*^ R refers to the speed of sample heating/cooling (ramp). *^ G refers to the 
temperature gradient dishibution. (B) PCR cycle details. (C) Sequencing PCR cycle 
details.
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50]l i 1 reactions were used, containing lOOng of template DNA, 10 pmol of each 
primer (forward and reverse), 2.5pi lOx PCR reaction buffer and Ipl lOmM PCR 
nucleotide mix. The reactions were heated to 95®C on a hot start programme in the 
mastercycler PCR machine (Eppendorf) before 0.5pl Pfu DNA polymerase was 
added. PCR cycles were performed using the program detailed in table 2.IB. The 
PCR products were analysed on a 1% agarose gel before the fragments were purified 
using LMP electrophoresis (Section 2.3.2). Purified products were stored at -20°C 
until required.
2.3.8 Overlap PCR
The overlap PCR method described by Ho et al. (1989) was used to introduce 
mutations within a DNA sequence.
Template DNA was amplified with two different primer pairs. Primer set A included 
an upstream external forward primer and an internal reverse primer containing the 
required mutation. Primer set B included an internal forward primer containing the 
required mutation and a downstream external reverse primer (Figure 2.1). PCRs 
were canied out and the products analysed and purified as described previously 
(Section 2.3.7). Both fragments (1 OOng) were combined in a secondary PCR using 
the two external primers. The products were analysed and purified before being 
sequenced to confirm the presence of the required mutation (Section 2.3.16).
2.3.9 Annealing of oligonucleotides
5’ phosphorylated oligonucleotides (Sigma/MWG) were annealed for ligation into 
plasmid vectors. The details of these are given in the appropriate results chapters.
67
CHAPTER TWO METHODS
A:For
5'_
3'
PC R  with prim er se t A
A:For
B:For
A; Rev
-A
i
3’
S'
T em plate  DNA
B:Rev
PC R  with prim er se t B
C om bine products
B:Rev
S eco n d ary  PC R  with 
external prim ers 
(A:For/B:Rev)
Figure 2.1 Overlap PCR. The method shown is that devised by Ho et al. (1989) 
and is described in detail in the text (Section 2.3.8).
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100 pmol of each of the forward and reverse primer were added to 18jll dHiO. The 
oligonucleotides were boiled at 100°C for 2 minutes before being allowed to cool 
down to room temperature. 0.2jil of the annealed oligonucleotides was used in 
subsequent ligation reactions.
2.3.10 Ligations
Ligations were carried out using 25-30ng of vector and a quantified amount of 
purified insert at a ratio of 1:3. To this, 2|il of lOx DNA ligase buffer (Promega) and 
0.5pl of T4 DNA ligase (3U/pl) (Promega) were added and the reactions made up to 
20jil with dHiO. The ligations were incubated at 16°C overnight and then 
transformed into competent DH5-a cells as outlined in section 2.3.12. ‘No inserf 
controls were performed for each vector used.
2.3.11 Preparation of competent cells
E, coli DH5-a cells from glycerol stocks (Section 2.1.3) were stieaked onto LB agar 
plates and incubated at 37°C overnight. A colony was picked and grown overnight 
at 37®C in 10 ml LB broth on the Innova 4300 incubator-shaker (New Brunswick 
Scientific). From the overnight culture, 1ml was diluted in 10ml LB broth and 
grown at 37®C in the incubator-shaker until the ODeoo reached 0.2-0.8. LB broth 
(50ml) was added and the cells grown at 37°C until the ODeoo reached 0.5-0.9. A 
further 200ml LB broth was added and the cells incubated at 37®C until the ODeoo 
reached 0.6. Cells were pelleted by centrifugation at 4®C, 4200 rpm for 15 minutes. 
The supernatant was decanted and the pellet resuspended in 50ml TFBl (Appendix 
II) before being incubated on ice for 5 minutes. Cells were re-pelleted by
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centrifugation at 4°C, 4200 ipm for 15 minutes and the supernatant decanted. The 
cell pellet was resuspended in 10ml fresh TFB2 (Appendix II) and divided into 
200pl aliquots. Cells were stored at -70°C until required.
2.3.12 Transformation of competent cells
5pl of each ligation reaction (Section 2.3.10) was added to lOOp.1 thawed competent 
cells and the mixture incubated on ice for 10 minutes. Each reaction was heat 
shocked at 37®C for 5 minutes before 1ml LB broth was added. The reactions were 
incubated at 37^C for 1 hour and the cells then pelleted by full speed centrifugation 
for 1 minute in the refrigerated bench top centrifuge. 950pl of the supernatant was 
removed and the pellet was resuspended in the remaining media. Transfoimed 
bacteria were plated out on LB agar plates containing the appropriate antibiotics 
(Appendix II) and incubated overnight at 37°C.
For midi preparations, the transformed cells were added to 50ml LB media 
containing the appropriate antibiotic and incubated overnight at 37®C in the shaker. 
Preparations were then pelleted by centiifugation at 8,000 ipm for 6 minutes using 
the RC5S refi'igerated centrifuge (Sorvall). Pellets were stored at -20°C until 
purified (Section 2.3.15).
2.3.13 Ligation and transformation into the pT7-Blue vector (a- 
complementation)
Pfu DNA polmerase-generated, blunt-ended PCR fragments were cloned into the 
pT7-Blue blunt ended, linearised vector using the pT7-Blue perfectly blunt cloning 
kit (Merck).
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2.3.13.1 End conversion and ligation
PCR fragments were quantified against a XIIHEcoRI marker and up to 2pl insert was 
used to give a 1:3 vector to insert ratio. The insert was diluted in dHiO to a final 
volume of lOpl. To this, 5pl of end conversion mix (Merck) was added to ensure 
that all the ends of the DNA were blunt and contained a 5’ phosphate group. The 
reactions were incubated at 22°C for 15 minutes and inactivated at 75°C for 5 
minutes. Reactions were cooled on ice before 25ng pT7-Blue vector (Merck) and 
0.5pl T4 DNA ligase (3U/pl) (Merck) were added. The reactions were then 
incubated at 22‘^ C for 15 minutes before being transformed into Nova-Blue singles 
competent cells (Novagen).
2.3.13.2 Nova-Blue transformation
Nova-Blue singles competent cells (200pl per reaction) were thawed on ice and 5pl 
of the ligation reaction was added. The tubes were incubated on ice for 5 minutes 
before being heat shocked at 42^C for 30 seconds. Tubes were again incubated on 
ice whilst 250pl SOC media was added. The transformations were then incubated at 
37°C for 1 hour. After incubation, cells were pelleted and resuspended in 5Dpi 
supernatant, before being plated out onto LB agar plates containing the appropriate 
antibiotic, X-gal and IPTG (Appendix II). Plates were incubated at 37®C overnight.
2.3.14 Minipreparation of plasmid DNA
Single colonies were picked fiom the LB agar plates and grown up overnight at 37°C 
in 5ml LB media containing an appropriate antibiotic. 1ml of the overnight culture 
was centrifuged for 2 minutes at 14,000 rpm and the supernatant removed. The 
plasmid DNA was purified from the pelleted bacterial cells using the Wizard Plus
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Miniprep DNA purification system (Promega) as described by the manufacturer. 
DNA was eluted in 50pl dHiO and 5 pi of the sample was analysed by restiiction 
analysis and agarose gel electiophoresis.
2.3.15 Midipreparation of plasmid DNA
For medium scale preparation of plasmid DNA, a 50ml culture of transformed 
bacteria was grown overnight in LB broth containing the appropriate antibiotic. 
Cultures were transferred into 50ml falcon tubes and centrifuged at bOOOrpm for 10 
minutes. The supernatant was removed and the pellet used for purification of 
plasmid DNA.
Midi-prep DNA was obtained using the Qiagen Hi-Speed Plasmid Midi Prep Kit 
according to the manufacturer’s protocol and the DNA eluted in 1ml dH20. The 
DNA was then precipitated for 1 hour using 2.5 volumes 100% EtOH and 1/10‘‘" 
volume 3M NaOAC, before being washed once in 70% EtOH. The DNA was 
quantified using U.V. light at 260/280nm in the Ultrospec 2100 pro U.V./visible 
spectrophotometer (Amersham).
2.3.16 Thermal cycle DNA sequencing
Dye terminator sequencing reactions were performed using the CEQ™ 8000 dye 
terminator cycle sequencing kit (Beckman Coulter). Specific sequencing primers 
were used (Sigma/MWG) as indicated in the relevant results chapters.
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2.3.16.1 DNA preparation
Plasmid DNA (SOOng) was diluted in dH2Û to a final volume of 8.8|Xl and to this 
mixture 3.2pl (Ipmol/pl) sequencing primer was added. Quickstart Reaction Mix 
(8|il) (Beckman Coulter), containing the DNA polymerase, dNTPs, dye temiinators 
and the polymerase enzyme buffer, was added to each reaction. Reactions were then 
incubated in the mastercycler PCR machine using the amplification cycle detailed in 
table 2.1C.
2.3.16.2 EtOH clean-up
Stop solution (5pi) was added to each reaction (Appendix II). The mixture was 
vortexed and 60pi ice cold 95% EtOH added to each tube. The reactions were 
centrifuged for 10 minutes at 14,000 ipm, 4°C and the resulting supernatant 
removed. Ice cold 70% EtOH (200pl) was added to the pellets and the reactions 
centrifuged at 14,000 ipm for 10 minutes to wash the pellet. This step was repeated 
before all the supernatant was removed and the pellet allowed to air dry. Once dry, 
each pellet was resuspended in 40pi foimamide sample loading solution (Beckman 
Coulter), loaded onto the sequencing plates and covered with mineral oil.
2.3.16.3 Sequencing reactions
The plates were loaded into the CEQ 8000 Sequencer (Beckman Coulter) and the 
reactions sequenced.
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The sequencing data was visualised in Chromas 2,23 (Technelysium). Data was 
batch exported into the UNIX program GCG (Wisconsin genetics and computer 
group; Accelrys) in text format where sequencing analysis was performed.
2.4 Tissue culture techniques
2.4.1 Transient expression assays
BHK cells were seeded in 35mm dishes in 2.5ml DMEM/HEPES/10% FBS media 
and left at 37°C/5% CO2 to reach 75% confluency. 2mls of the media was removed 
and each dish infected with 50pl recombinant vaccinia virus (vTF7-3) that expresses 
the T7 RNA polymerase (Fuerst et a l, 1986). The dishes were incubated for one 
hour at 37®C/5% CO2. For each dish, 8pi of lipofectin (Gibco) was mixed with 
192pl of Optimem (Life Technologies) and incubated at room temperature for 45 
minutes. Plasmid DNA (2.5pg), containing a T7 promoter, was diluted in 200pl 
dH20 and added to 200pl of the lipofectin/optimem mixture. The reactions were 
further incubated for 15 minutes at room temperature. The vTF7-3-infected cells 
were washed with 2ml of serum free DMEM/HEPES media before the 
DNA/lipofectin/Optimem mixture was added to each dish. Dishes were incubated 
for 4-6 hours at 37°C/5% CO2 before DMEM/HEPES/10% FBS media (2ml) was 
added to each dish and the cells incubated at 37°C/5% CO2. After 20 hours the 
media was removed and the cells lysed using 400pl of the appropriate lysis buffer 
(lysis buffer A or lysis buffer C (Appendix II)). The harvested cells were 
centiifuged at 14000 rpm for 5 minutes at 4°C using the refrigerated bench top 
centrifuge.
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2.5 Protein analysis
2.5.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- 
PAGE)
For protein analysis using SDS-PAGE, samples were prepared by mixing 40pl of 
harvested cell lysates with 20pl 3x sodium dodecyl sulphate (SDS) sample buffer 
(New England Biolabs) and 2pl 1.25M dithiothereitol reducing agent (DTT) (NEB). 
Samples were then heated at 95°C for 5 minutes. Unless otherwise stated, 10% 
acrylamide gels were cast (Appendix II). Into the first well of the gel, a broadrange 
protein marker (New England Biolabs) was loaded for reference. Into subsequent 
wells, 20pl of sample was loaded. Gels were run using the BioRAD mini protean III 
system and SDS running buffer (Appendix II) at 200V/ 400mA for 45 minutes. For 
larger gels, the Amersham Hoefer SE600 ruby system was run at 250V/40mA for 1,5 
hours.
2.5.2 Western blotting
Western blotting was performed using the BioRAD Mini Trans-Blot system.
Proteins were transferred to Immobilon-P membrane (Millipore) at 100V/400mA for 
90 minutes in a transfer buffer (Appendix II). Membranes were blocked using a 
blocking buffer containing 5% Marvel fat-free milk powder (Appendix II) for 1 
hour. Primary antibody was added to 5ml blocking buffer at the appropriate 
concentration (Table 2.2) and the membrane incubated for 1 hour on a Spiramax 5 
(Denley). The membrane was washed, once for 5 minutes and twice for 20 minutes, 
with Ix Tris-buffered saline (TBS)-0.1% Tween (Appendix II). The appropriate 
horseradish peroxidase (HRP)-coupled secondary antibody (Table 2.2) was added to
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Primary Antibody Dilution Secondary Antibody Dilution
CAT (Sigma) 1/5000 Rabbit Ig HRP (Amersham) 1/3000
fLUC (Promega) 1/1000 Goat Ig HRP (DAKO) 1/3000
rLUC (Chemicon) 1/2500 Mouse Ig HRP (Amersham) 1/3000
Myc (9E10) (Roche) 1/1000 Mouse Ig HRP (Amersham) 1/3000
IRP 1/500 Rabbit Ig HRP (Amersham) 1/3000
eIF4GI(C-terminus) 1/1000 Sheep Ig HRP (DAKO) 1/3000
FLAG (Sigma) 1/5000 Mouse Ig HRP (Amersham) 1/3000
HA (Roche) 1/1000 Rat Ig HRP (Amersham) 1/3000
Table 2.2 Primary and secondary antibodies used for Western blotting.
Suppliers of antibodies and optimal dilutions in blocking solution (Appendix 11) are 
shown. The antibody to the C-terminus of eIF4GI was kindly supplied by Prof. C. 
Proud, University of Dundee. The antibody to IRP was kindly supplied by Dr. B. 
Galy, EMBL.
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5ml blocking buffer and the membranes incubated for one hour on the Spiramax 5. 
The membranes were washed as before and proteins were visualised using 
Electrochemiluminescence (ECL) reagents (Amersham) as directed by the 
manufacturer’s protocol. The membranes were exposed to X-ray film (Kodak) and 
the results visualised using a Compact X4 X-Ograph.
2.5.3 f  ^ S] radiolabelling of cellular proteins
Total protein expression in transfected cells was analysed using [^ ^S] labelling of 
cells prior to harvesting.
The transfection was carried out as described in section 2.4.1. After 20 hours, the 
media was removed and replaced with 2mls Eagle’s media minus cysteine, minus 
methionine (cys/met fi*ee). Dishes were incubated for 30 minutes at 37°C/5% CO2. 
During this incubation, 0.5ml cys/met fiee Eagle’s media containing 4pl (2.34MBq) 
[^^S]-proniix (Amersham) was prepared per 35mm dish. This mixture was then 
added to each dish and the cells incubated for a further 1 hour at 37®C/5% CO2. 
Media was removed and the cells lysed in lysis buffer C (Appendix II). Proteins 
were analysed using SDS-PAGE as described in section 2.5.1. These gels were 
stained for 20 minutes with Coomassie blue stain (Sigma) (Appendix II) and 
destained for 1 hour in a 10% methanol/7% glacial acetic acid destain solution 
(Appendix II). The gel was dried for one hour on a Hoefer gel dryer before being 
exposed to X-ray film (Kodak) overnight or as required. The results were visualised 
using a compact X4 X-Ograph.
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2.5.4 T7 coupled transcription and translation assays (TNTs)
In vitro protein synthesis was analysed using T7 coupled transcription and 
translation assays in rabbit reticulocyte lysate (Promega) according to the 
manufacturer’s instructions. Plasmid DNA (0.5pg) was added to dH20 to a final 
volume of 3pi. To each reaction, 6.5pl of the TNT reaction mix (Promega) and 
0.5pi [^^S]-methionine (0.185MBq) (Amersham) was added. The reactions were 
incubated for 2 hours at 30°C. A sample (3pi) of the reaction was mixed with 7pi 3x 
SDS sample buffer, Ipl 1.25M DTT and 9pl dH20 and heated to 95°C for 5 minutes. 
The proteins were analysed using SDS-PAGE and autoradiography as described 
previously (Section 2.5.3).
2.5.5 Firefly luclferase (fLUC) assays
fLUC activity was quantified using a LUC assay kit (Promega). lOpl of cell extract 
was added directly to lOOpl LUC assay substrate. Luniinesence was measured 
immediately using a Bio-Orbit luminometer.
2.5.6 FLAG affinity columns
FLAG columns were used to capture FLAG-tagged proteins from tiansfected cell 
lysates.
Transient expression assays were carried out as detailed in Chapter 7. Cells were 
lysed in lysis buffer A (Appendix II) and centrifuged at full speed, 4°C for 5 minutes 
to pellet cell debris.
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Anti-FLAG M2 affinity gel (Sigma) was prepared by centiifugation of all the 
required resin (20pl/sample) at 8,000 rpm for 1 minute. The supernatant was 
removed and the resin washed twice in the same volume of buffer A (Appendix II), 
before being gently resuspended in the same volume of buffer A. The prepared resin 
(20pl) was then added to 60pl buffer A and 60pl sample. These reactions were 
incubated at 4°C for 30 minutes using an SBl tube rotator (Stuart scientific). After 
incubation, samples were centrifuged for 1 minute at 8,000 ipm and the supernatant 
removed. Buffer A (500pi) was added to wash the resin and the sample centrifuged 
for a further 1 minute at 8,000 ipm. This wash step was repeated and the supernatant 
carefully removed. The resin was resuspended in 20pl 3x SDS sample buffer plus 
Ipl 1.25M DTT for analysis by SDS-PAGE (Section 2.5.1) and Western blotting 
(Section 2.5.2).
2.5.7 Purification of His-tagged proteins
The QIAexpressionist kit (Qiagen) was used for purification of 6x His-tagged 
proteins
Transient expression assays were carried out as detailed in Chapter 7. Cells were 
lysed in lysis buffer A (Appendix II) supplemented with lOmM imidazole (Qiagen) 
and centrifuged at foil speed, 4°C for 5 minutes to pellet cell debris.
Nickel-NTA resin (Qiagen) was prepared by centiifogation of all the required resin 
(25pl/sample) at 8,000 rpm for 1 minute. The supernatant was removed and the 
resin washed twice in the same volume of buffer A/lOmM imidazole before being 
gently resuspended in the same volume of buffer A/lOmM imidazole. The prepared
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resin (25pl) was then added to 60pl buffer A/lOmM imidazole and 60pl sample. 
These reactions were incubated at 4®C for 30 minutes using an SBl tube rotator 
(Stuart scientific). After incubation, samples were cenhifoged for 1 minute at 8,000 
ipm and the supernatant removed. Buffer A/lOmM imidazole (500pl) was added to 
wash the resin and the sample centrifuged for a further 1 minute at 8,000 rpm. This 
wash step was repeated and the supernatant caiefiilly removed. The resin was 
resuspended in 20pl 3x SDS sample buffer plus Ipl 1.25mM DTT for analysis by 
SDS-PAGE (Section 2.5.1) and Western blotting (Section 2.5.2).
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CHAPTER THREE 
CHARACTERISATION OF THE PORCINE TESCHOVIRUS -1 
(PTV-1) TALFAN INTERNAL RIBOSOME ENTRY SITE
3.1 Introduction
Porcine teschovirus-1 (PTV-1) was originally identified as porcine enterovirus-1 
(PEV-1) within the Enterovirus genus of the Picornaviridae. However, PTV-1 was 
found to exhibit very little sequence homology to any existing enteroviruses, 
including the porcine enterovirus species within this genus (Kaku et al., 1999; Kaku 
et a l, 2001). Consequently, PEV-1 has been reclassified into the newly established 
Teschovirus genus of the Picornaviridae and has been renamed PTV-1 (Kaku et a l,
2001). This genus currently contains at least 11 serotypes (Zell et a l, 2001) and the 
Talfan sti ain of PTV-1 has been designated the reference strain for the Teschovirus 
genus (Kaku et a l, 1999).
The porcine teschoviruses are associated with a wide range of diseases of swine, and 
were first isolated in 1930 from a serious outbreak of polioencephalomyelitis in 
Czechoslovakia. Clinical consequences of infection depend on the virulence of the 
strain. The Teschen strain of PTV-1, a highly virulent strain found in central Europe 
and Africa, is responsible for high morbidity and mortality in swine (Derbyshire, 
1990). Clinical signs of infection include reproductive disorders in females and 
polioencephalomyelitis (Dunne at a l, 1964). Initial symptoms of 
polioencephalomyelitis include pyi exia, depression and diarrhoea, but as the disease 
progresses to the nervous system, convulsions, paralysis and coma, 7-8 days post
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infection may occur. Death follows 3-4 days after the onset of neurological 
symptoms (Derbyshire, 1990). The Talfan strain is less virulent and although it has a 
much more global distribution, is associated with only mild signs of 
polioencephalomyelitis (Harding et a i, 1957). Recently the Talfan strain of PTV-1 
was isolated from 7 piglets in a Japanese herd. The piglets showed flaccid paralysis 
of the hind limbs, but showed no other clinical symptoms and did not die 
spontaneously. Histological examination revealed many nervous system lesions, the 
most severe being in the spinal cord of the animals (Yamada et a i, 2004).
The sequence for the Talfan strain of PTV-1 was recently determined by Kaku et a l 
(2001) and is estimated at around 8 kilobases (kb) in length, although the extreme 5’ 
end of the genome remains to be cloned and sequenced. Subsequent analysis has 
shown the initiation of protein synthesis occurs at AUG nucleotide (nt) 412 of the 
known sequence to produce a single polyprotein of approximately 2205 amino acids 
(aa) (Kaku et a l, 2001 ; Kaku et a l, 2002).
The aim of this study was to characterise the 5’ unh anslated region (UTR) of the 
PTV-1 Talfan (hereafter referred to as PTV-1) genome in order to define the 1RES, a 
feature of all picornaviral 5’ UTRs. Initiation factor requirements for IRES- 
dependent translation were then investigated in vitro and in cells.
Much of the data presented in this chapter is the result of collaboration with Y. Kaku 
(National Institute for Animal Health (NIAH), Japan), A. Pisarev and I. Shatsky 
(Moscow State University, Russia) and has been recently published (Pisarev et al, 
2004).
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3.2 Delimitation of the PTV-11RES
The PTV-1 5’ UTR has previously been shown to contain an 1RES that functions 
efficiently both in viti'o and in cells (Kaku et a l, 2002). The studies revealed that the 
1RES was contained within nt 1-405 of the 5’ UTR and was capable of directing 
translation of both the PTV-1 coding sequence and a firefly luciferase (fLUC) 
reporter sequence. The purpose of these studies was to more accurately define the 
limits of the 1RES contained within the PTV-1 5’ UTR.
3,2.1 Strategy
1RES activity is most commonly analysed using dicistionic vectors, which encode 
two reporter proteins, both with their individual start and stop codons. Translation of 
the upstream open reading frame (ORE) occurs by the conventional cap-dependent 
scanning mechanism. Upon translation termination, ribosomes dissociate from the 
niRNA. Therefore translation of the downstream ORF can only occur through 
translation re-initiation, an extremely inefficient process. However, insertion of an 
active 1RES element between the two ORFs allows for internal recruitment of 
ribosomes and therefore translation of the downstream ORF independently of the 
first (reviewed in Sizova and Shatsky, 2000).
For these investigations, the reporter plasmid pGEM-CAT/LUC was used (van der 
Velden et a l, 1995). This plasmid expresses, from a T7 promoter element, a 
dicistronic RNA encoding chloramphenicol acetyl transferase (CAT) and fLUC, each 
with their own initiation codon. A unique BamHl restriction site is present between 
the two ORFs, which can be used for insertion of relevant 5’ UTR sequences.
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Dicistronic pGEM-CAT/PTV/LUC plasmids have been constructed previously 
(Kaku et a l, 2002). These constructs contain the entire loiown 5’ UTR of PTV-1 
(EMBL accession number: AB038528). The limits of the 1RES were defined by 
creating a series of deletions from the 5’ end of the PTV-1 5’ UTR, using the 
previously described monocistronic pGEM I-B plasmid as a template (Kaku et al,
2002). cDNA fragments were created by Y. Kaku (NIAH, Japan) using primers that 
introduced the recognition site for the BamHI restriction enzyme at either end of the 
5 ’ UTR fr agment. The products obtained were digested with BamHI before being 
purified and ligated into the .5am/77-lineai-ised, phosphatase-tieated pGEM- 
CAT/LUC reporter plasmid, to create a series of pGEM-CAT/PTV/LUC reporter 
plasmids (Figure 3.1) (Pisarev et a l, 2004). In each case, the 3’ border of the PTV-1 
1RES was at nt 405, 7 nt upstream of the PTV-1 initiation codon. This site has 
previously been shown to be the 3’ boundaiy of the 1RES (Kaku et a l, 2002).
The constructs were initially assayed in vitro in coupled transcription/translation 
(TNT) reactions in rabbit reticulocyte lysate (RRL) by H. Johns (lAH) as described 
in section 2.5.4. The translation products were analysed using 10% SDS-PAGE and 
autoradiography (Section 2.5.1). The pGEM-CAT/LUC vector containing no 5’ 
UTR sequence was included as a negative control for the experiments. A 
monocisti'onic fLUC construct (pT7-LUC) provided with the TNT reaction kit was 
included as a positive control.
The deletion constructs were also assayed in transient expression assays in vTF7-3- 
infected BHK cells (Section 2.4.1). After 20 hours, cells were harvested and protein 
expression analysed using 10% SDS-PAGE followed by Western blotting (Section
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5’ PTV-1 5 ’UTR 3'
(nt 405)
pGC/PTV/L 1--------------------------------------------------------
pGC/PTVA50/L 5 1 -------------------------------------------------
pGC/PTVA100/L 1 0 1---------------------------
pGC/PTVAl 25/L 1 2 6----------------------
pGC/PTVAl 50/L 1 5 1 -------------------
pGC/PTVAl 75/L 1 7 6 ----------------
pGC/PTVA200/L 2 0 1 -------------
pGC/PTVA250/L 2 5 1 -------
pGC/PTVA300/L 301
pGEM-CAT/LUC "UTT
^A U G  '  '  ^A U GBamHI | _
fLUC
Figure 3.1 Structure of the plasmids used to determine the 5' boundaries of the 
PTV-1 1RES. The cDNA fragments indicated were produced using PCR by Y. Kaku 
(NIAH, Japan) and inserted into the BamHI restriction site of the pGEM-CAT/LUC 
vector. pGEM-CAT/PTV/LUC contains the entire known 5’ UTR of PTV-1. The 
fLUC initiation codon was included in the reporter gene, thus the PTV-1 initiation 
codon was not included in the 5’ UTR fragments. Figure adapted from Pisarev et al. 
(2004).
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2.5.2). fLUC activity within cell exti'acts was also quantified using an enzymatic 
LUC assay (Section 2.5.5).
3.2,2 Results
TNT reactions were used to assess the activity of the PTV-1 5’ UTR deletions in 
vitro, which is indicated by the expression of radiolabelled fLUC (Figure 3.2). 5’ 
deletions of 50 or 100 nt had no effect on the ability of the PTV-1 sequence to direct 
translation of fLUC in vitro. However, loss of 150 nt severely impaired activity and 
a 200 nt deletion completely abolished activity as indicated by the loss of the 60.5 
kDa fLUC band. As expected, expression of the upstream CAT ORF was similar for 
each plasmid.
Transient expression assays in vTF7-3-infected BFIK cells were also performed to 
assess the activity of the PTV-1 sequence in cells (Figure 3.3A and B). Western blot 
analysis indicated that loss of up to 125 nt had no effect on the ability of the PTV-1 
sequence to direct expression of fLUC in cells, mirroring the in vitro results obtained 
with these consti ucts. A deletion of 150 nt decreased the activity of the 5’ UTR to 
around 20% of that of the full length 5’ UTR as quantified using an enzymatic LUC 
assay. A deletion of 175 nt completely abrogated activity. In all cases, expression of 
the upstream CAT protein was similar.
These results suggest that nt 1-126 of the known 5’ UTR are dispensable for 1RES 
activity and that a region of only 280 nt (nt 126-405) is necessary for the full activity 
of the PTV-1 1RES in vitro and in cells. This core 1RES region is much shorter than
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Figure 3.2 Deletional analysis of the boundaries of the PTV-1 1RES in vitro.
The indicated plasmids (0.5pg) were used to programme TNT reactions. The 
products were separated by 10% SDS-PAGE and analysed for [''^S]-methionine 
incorporation into CAT (25 kDa) and fLUC (60.5 kDa) by autoradiography. The 
mobilities of the broadrange protein marker (NEB) are shown for reference. Figure 
adapted from Pisarev et a i, 2004.
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Figure 3.3 Deletional analysis of the boundaries of the PTV-1 1RES in cells. (A)
Dicistronic pGEM-CAT/lRES/LUC plasmids (2.5pg) were transfected into vTF7-3- 
infected BHK cells and analysed for the expression of CAT (25 kDa) and fLUC (60.5 
kDa) by 10% SDS-PAGE and immunoblotting. The mobilities of the broadrange 
protein marker (NEB) are shown for reference. (B) LUC assays were performed to 
quantify fLUC activity directed by each 5’ UTR-deletion construct after transfection 
into vTF7-3-infected BHK cells. A mean value (+/- S.D) from three transfections 
was calculated and results were standardised to expression directed by the full length 
5’ UTR (PTV FL), which is shown as producing 100% activity. Figure adapted from 
Pisarev et al. (2004).
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previously characterised picornavirus 1RES elements, which are usually contained 
within a region of around 450 nt.
3.3 Canonical initiation factor requirements of the PTV-11RES in 
vitro
As discussed previously (Section 1.3), the picomaviruses recruit at least some of the 
host cell’s translation initiation factors to mediate internal initiation of translation 
both in vitro and in cells. The core protein complex involved in translation initiation 
is the eTF4F initiation factor complex, which acts to recruit the 43 S pre-initiation 
factor complex (40S ribosomal subunit, eIF2-met-tRNAi and eIF3) to the 5’ cap of 
the mRNA, forming the 48S pre-initiation complex (Sonenberg et a l, 1979). Of the 
eIF4F complex, picomaviruses require the eIF4A RNA dependent RNA helicase and 
the cential and C-terminal domains of eIF4G for translational activity (Lamphear et 
a l, 1995; Pestova et a l, 1996b). With the exception of HAV, which requires the 
eIF4F complex in its entirety (Borman and Kean, 1997), the picomaviruses have no 
requirement for the cap binding protein eIF4E associated with the eIF4F complex 
(Ohlmann e ta l,  1996).
3.3.1 Strategy
The minimal initiation factor requirements for internal initiation driven by the PTV-1 
1RES were determined using in vitro primer extension inhibition (toeprinting) assays 
(Pisarev et a l, 2004). These assays were carried out at Moscow State University and 
enabled the identification of initiation factor requirements for 48S pre-initiation 
complex and 80S initiation complex formation on RNA elements. Toeprinting 
assays have been employed previously to derive the requirements for 48S complex
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formation on the hepatitis C virus (HCV) and classical swine fever virus (CSFV) 
1RES elements (Pestova et a i, 1998a), as well as the cricket paralysis virus (CrPV) 
1RES (Wilson et a/., 2000a), the encephalomyocarditis (EMCV) 1RES (Pestova et 
a l, 1996b) and the capped cellular (3-globin mRNA (Dmitriev et a l, 2002).
Toeprinting assays require reverse transcription on a template RNA using a 
radiolabelled primer. The presence of ribosomes or proteins bound to the RNA will 
arrest synthesis of cDNA. The reactions are caused to stall, resulting in the 
formation of a ‘toeprint’. The mRNA binding cleft of the 40S ribosomal subunit has 
been estimated to cover about 30 nt (Pestova et a l, 2001), thus ribosomal binding to 
the initiation codon on the RNA is indicated by the formation of a toeprint 16-18 nt 
downstream of the initiation codon, as indicated by a sequencing ladder run in 
parallel. 48S pre-initiation complex formation can be analysed in the presence of 5’- 
guanylyl-imidophosphate (GMP-PNP), a non-hydrolysable analogue of GTP. GMP- 
PNP competes with GTP in the ternary complex eIF2 met-tRNAi GTP, preventing 
GTP hydrolysis required for eIF2 release from the 48S preinitiation complexes, 
thereby inhibiting 60S ribosomal subunit joining (Wilson et a l, 2000).
Toeprinting reactions were carried out at the laboratory of A. Pisarev and 1. Shatsky 
at the Moscow State University and are described by Pisarev et a l (2004). Briefly, 
the PTV-1 1RES was inserted into a previously constiucted pGL-EMCV/LUC vector 
(Pisarev et a l, 2004) using BamHI and Ncol restriction sites present in both 
consti'ucts to replace the EMCV 1RES. This created a monocistronic pGL-PTV/LUC 
vector, which was linearised by digestion with Csp45I, a restriction site present in the 
fLUC ORF. Short (530 nt) RNA transcripts were made using T7 RNA polymerase.
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Reverse transcription reactions were carried out in a reconstitution buffer with 
purified 40S ribosomal subunits, the ternary complex (eIF2-met-tRNA,) and 
individual purified initiation factors. GMP-PNP (0.4mM) was also added to stall 
translation initiation at the 48S pre-initiation complex stage. After incubation at 
30°C for 15 minutes, the reactions were analysed using a 6% sequencing gel and 
compared to a sequencing ladder obtained using the same primer and the pGL- 
PTV/LUC plasmid (Pisarev et a l, 2004).
3.3.2 Results
Initial toeprinting reactions carried out in RRL revealed that 48S and 80S ribosomal 
initiation complex formation on the PTV-1 1RES is efficient and stable (Pisarev et 
a l, 2004). The minimal requirements for 48S complex formation were then assessed 
in a reconstitution buffer in the presence of GMP-PNP. Toeprinting assays were 
programmed with the PTV-LUC RNA transcripts and 40S subunits alone, or with 
eIF2‘met-tRN Ai and eIF3 (Figure 3.4, lanes 1-5). In the absence of eIF2-met-tRN Ai, 
no toeprints were generated. However, stable complexes were formed in the 
presence of the 40S ribosomal subunits and eIF2*niet-tRNAi (Figure 3.4, lane 6).
Addition of eIF3 enhanced the intensity of the toeprint, further supporting its role in 
43S complex stabilisation (Figure 3.4, lane 7). However, it was not absolutely 
required for toeprint formation. It also seemed that eIF3 formed direct interactions 
with the PTV-LUC RNA, as indicated in figure 3.4. To confirm that these toeprints 
were indicative of a true interaction of the RNA with eIF3 rather than a consequence
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Figure 3.4 Minimal canonical initiation factor requirements for 48S pre­
initiation complex formation on the PTV-1 1RES in vitro. The monocistronic 
pGL-PTV/LUC RNA transcripts were incubated in a reconstitution buffer supplied 
with GMP-PNP and purified initiation factors as indicated. In lane 2, the RNA was 
incubated with eIF3 then deproteinised prior to being used in the toeprinting assay. 
Products were analysed by 6% gel electrophoresis and autoradiography, in parallel 
with DNA sequencing reactions. The positions of the ATG initiation codon, 488 
toeprint, 408-dependent stop and products generated by direct interaction of elF3 
with the RNA are indicated. Figure adapted from Pisarev et al. (2004).
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of RNA breakage caused by elF3, PTV-LUC RNA transcripts were incubated with 
eIF3 then deproteinised prior to being included in the toeprinting assays with only 
40S ribosomal subunits (Figure 3.4, lane 2). None of the elF-3 dependent bands 
were fomied, hence the toeprints represent a true interaction between eIF3 and PTV- 
1 RNA (Pisarev et a l, 2004).
A weaker toeprint, upsti eam of that generated by the 48S pre-initiation complex, was 
also observed on the PTV-1 RNA in the presence of the 408 ribosomal subunits 
alone. This is indicated in figure 3.4 as the 408 dependent stop and is likely to 
represent the formation of a binary complex between the 408 ribosomal subunit and 
the RNA (Pisarev et a l, 2004).
The results of the toeprinting analysis were suiprising as they indicated that the PTV- 
1 1RE8 has no requirement for the eIF4F initiation factor complex in vitro.
Unusually for a picornavirus, the ternary complex (eIF2 met-tRN Ai) is the only 
initiation factor requirement for 488 complex formation at the initiation codon of the 
PTV-1 RNA. Indeed, the 408 ribosomal subunit is able to interact with the RNA 
directly.
3.4 Requirement of the PTV-11RES for an intact eIF4F initiation 
factor complex in ceils
Previous studies have indicated that in accordance with the in vitro toeprinting data, 
the full length PTV-1 5’ UTR can function efficiently in the presence of the 2A 
protease (2A^ ^^ *^ ) and thus has no requirement for eIF4E in cells (Kaku et al, 2002). 
However, it was necessary to determine whether the minimal IRE8 element
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identified within the 5’ UTR retained the characteristics of the full length 5’ UTR 
with respect to insensitivity in cells.
The 2A protein is present in all picomaviruses, although the sequence and flmctions 
of the different picornaviral 2A proteins differ between genera. The entero- and 
rhinovirus 2A proteins are active proteases that are able to cleave the cellular 
initiation factor eIF4G (Krausslich et a l, 1987). The cleavage of the eIF4G 
component of the eIF4F initiation factor complex separates the cap binding activity 
associated with eIF4E from the RNA helicase activity associated with eIF4A 
(Etchison et a l, 1982; Ohlmann et al., 1995). This renders the elF4F complex 
incapable of supporting cap-dependent translation, as the ribosome is no longer 
recruited to the 5’ cap of the mRNA. However, most picomaviruses have no 
requirement for the eIF4E component of eIF4F for translation of their genomes, and 
thus translation mediated by these 1RES elements is not inhibited by 2A''^° (Ohlmann 
et a l, 1995). Indeed in certain cell types, the activity of some picornavirus 1RES 
elements, particularly those of the entero- and rhinoviruses, is enhanced by the co­
expression of2A^^° (Roberts e ta l, 1998).
3.4.1 Results
The plasmid pGEM-3Z/Jl, which expresses the swine vesicular disease virus 
(SVDV) 2A^ ^^ ° from a T7 promoter, has been described previously (Sakoda et al, 
2001). The dicistronic constructs (2j.ig) containing either the full length PTV-1 5’ 
UTR or the core 1RES element (PTVA125) were transfected into vTF7-3-infected 
BHK cells with pGEM-3Z/Jl (0.5pg). For comparison, the reporter plasmids 
pGEM-CAT/fLUC and pGEM-CAT/CB4/LUC (Roberts et a l, 1998) were assayed
94
CHAPTER THREE CHARA CTERISA TION OF THE PTV-11RES
in parallel. pGEM-CAT/CB4/LUC contains the Enterovirus coxsackievirus B4 
(CB4) 1RES element, which has previously been shown to be considerably 
stimulated by the co-expression of 2 in BHK cells (Borman et ah, 1997; Roberts 
et a l, 1998). Samples were analysed for the expression of CAT and fLUC by SDS- 
PAGE and Western blotting. LUC assays were also performed to quantify the fLUC 
activity within these cells.
As expected, expression of 2A^ "^ ° in cells inhibited cap-dependent translation, 
indicated by a complete abrogation of CAT production (Figure 3.5A). However, 
2ai’Ro did not inhibit the activity of the CB4 1RES element and instead enhanced its 
ability to direct translation of the fLUC ORF as shown previously. The reasons for 
this enhancement are unclear, but may suggest that proteolysis by 2A’’^ ° either 
activates an enhancer or inhibits a repressor of CB4-directed translation in BHK cells 
(Roberts et a l, 1998).
Consistent with earlier results (Kaku et a l, 2002), expression of 2A^ °^ had no 
significant effect on the activity of the full PTV-1 5’ UTR (nt 1-405) in BHK cells. 
The core PTV-1 1RES element was also not inhibited by co-expression of 2A^^° in 
cells as indicated by Western blotting (Figure 3.5A) and LUC assays (Figure 3.5B), 
although in neither case was activity of the 1RES increased.
These results suggest that the core 1RES element of 280 nt retains the characteristics 
of the flill length 5’ UTR and constitutes a fully fiinctioiial 1RES element that can 
function in the presence of a cleaved eIF4F complex in cells.
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Figure 3.5 Effect of eIF4F cleavage on PTV-1 1RES activity in cells. (A)
Dicistronic pGEM-CAT/IRES/LUC plasmids (2pg) were co-transfected into vTF7-3- 
infected BHK cells with (+) or without (-) the plasmid pGEM3Z/Jl (0.5pg) that 
expresses the SVDV 2A pro tease. Cells were analysed for the expression of CAT 
(25 kDa) and fLUC (60.5 kDa) by 10% SDS-PAGE and immunoblotting. The 
mobilities of the broadrange protein marker (NEB) are shown for reference. Figure 
adapted from Pisarev et al (2004). (B) LUC assays were performed to quantify 
fLUC expression after transfection of vTF7-3-infected BHK cells. A mean value 
(+/- S.D.) from three transfections was calculated and results were standardised to 
fLUC expression directed by each 1RES in the absence of the 2A protease, which are 
shown as producing 100% activity.
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3.5 Requirement of the PTV-11RES for eIF4A in vitro and in cells
Toeprinting analysis of PTV-1 initiation factor requirements revealed that this 1RES 
element has no in vitro requirement for eIF4F, of which the RNA helicase eIF4A is a 
subunit. This result is in conti ast with the initiation factor requirements of other 
picornavirus 1RES elements, which all require eIF4A for activity.
To confirm the results of the toeprinting assays, two different inhibitors of eIF4A 
were used in in vitro TNT reactions containing pGEM-CAT/PTV/fLUC DNA. A 
previously described dominant negative mutant protein (DQAD) (Pause et al.,
1994b; Svitkin et a l, 2001), deficient in the RNA helicase and recycling activities 
associated with eIF4A, was produced by B. Jones and A. Nayak (IAH). A small 
molecule inhibitor of eIF4A (kindly provided by J. Pelletier, McGill University, 
Canada) was also used in in vitro reactions. The method of action of this molecule 
has not been well defined, however it is believed to act specifically against eIF4A. 
This molecule was also used to inhibit eIF4A in cells to determine whether the 
properties associated with the PTV-1 1RES in vitro were true of the 1RES within an 
intact cell system.
3.5.1 Results
For investigations into the effect of the DQAD protein on PTV-1 1RES directed 
translation in vitro, lOOng or 250ng of this protein was directly added to TNT 
reactions programmed with 0.5[.ig pGEM-CAT/PTV/fLUC DNA and [^^S]- 
methionine. For analysis of the effect of the small molecule inhibitor on the effect of 
translation in vitro, lOpM of this molecule was added to the same reactions in place 
of the DQAD protein. The previously constructed pGEM-CAT/EMCV/LUC vector
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(Roberts et ah, 1998), which contains a cardiovirus 1RES element, was included as a 
positive control for the action of the eIF4A inhibitor on picornavirus 1RES activity. 
The incoiporation of [^^S]-methionine into CAT and fLUC was analysed by 10% 
SDS-PAGE followed by autoradiography.
Consistent with previous reports (Pause et a l, 1994b; Svitkin et a l, 2001), figures 
3.6 A and B show a clear reduction in fLUC expression directed by the EMCV 1RES 
in the presence of either inhibitor of eIF4A, confirming an absolute requirement of 
this 1RES for eIF4A in vitro. As expected, ti anslation of the upstream CAT ORF 
was also inhibited by the inhibitors of eIF4A, although for unknown reasons, the 
DQAD mutant was less effective at mediating this inhibition than the eIF4A inhibitor 
molecule within this system. Translation directed by the PTV-1 1RES is unaffected 
by either inhibitor of eIF4A, reinforcing the data obtained from in vitro toeprinting 
assays.
For assessment of the effect of the elF4A inhibitor on ti anslation in cells, transfected 
cells were first incubated for 5 hours at 2>TC to allow uninhibited translation of 
capped mRNAs such as those encoding the T7 RNA polymerase associated with the 
Vaccinia virus vTF7-3. eIF4A inhibitor (0.5pM) was then added to dishes as 
appropriate and incubated for 10 hours before harvesting. The expression of CAT 
and fLUC was analysed by 10% SDS-PAGE followed by Western blotting. The 
enzymatic LUC assay was also used to quantify fLUC activity in the presence or 
absence of the eIF4A inhibitor.
98
CHAPTER THREE CHARACTERISA TION OF THE PTV-l 1RES
6 2 .
lOCM <> z
o Q
s O
LU z
100 250
3 2 5
100 2 50 D Q A D(ng)
fLUC
CAT
B
?
CL
If)CM >o
LU
UZ)
<o
iQoz
I I I I 1 r
e lF 4 A
inhibitor
6 2 ____ fLUC
47 .5  ____
32,5  ____
CAT
Figure 3.6 Effect of eIF4A inhibitors on the activity of the PTV-1 1RES in vitro.
(A) TNT reactions were programmed with 0.5pg DNA, and the DQAD dominant 
negative inhibitor of eIF4A as indicated. Products were separated by 10% SDS- 
PAGE and analysed for [^''S]-methionine incorporation into CAT (25 kDa) and fLUC 
(60.5 kDa) by autoradiography. (B) The indicated plasmids (0.5pg) were used to 
programme TNT reactions with (+) or without (-) lOpM eIF4A inhibitor molecule. 
Products were separated by 10% SDS-PAGE and analysed by autoradiography. The 
mobilities of broadrange protein markers (NEB) are shown for reference.
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Figure 3.7 Effect of an eIF4A inhibitor on the activity of the PTV-1 1RES in 
cells. (A) Dicistronic pGEM-CAT/IRES/LUC plasmids (2.5pg) were used to 
transfect vTF7-3-infected BHK cells. After 5 hours the eIF4A inhibitor (0.5pM) was 
added as required (+) and the cells incubated for a further 10 hours. Cells were 
analysed for the expression of CAT (25 kDa) and fLUC (60.5 kDa) by 10% SDS- 
PAGE and immunoblotting. The mobilities of the broadrange protein marker (NEB) 
are shown for reference. (B) LUC assays were performed to quantify fLUC activity 
in transfected BHK cell lysates. Activity of the 1RES in the presence of the eIF4A 
inhibitor was compared to activity of each 1RES in the absence of the inhibitor, 
which is shown as producing 100% activity. A mean value (+/- S.D.) from three 
transfections was calculated.
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Cap-dependent tianslation was severely inhibited by the addition of the eIF4A 
inhibitor to cells, as indicated by the loss of the 25 kDa CAT band in figure 3.7A. 
Translation directed by the EMCV 1RES was also affected by the addition of the 
eIF4A inhibitor molecule. Translation of fLUC directed by the EMCV 1RES was 
reduced to around 6% of that achieved in the absence of the eIF4 A inhibitor (Figure 
3.7B). However, the eIF4A inhibitor had no effect on the ability of the PTV-1 1RES 
to direct tianslation of the fLUC ORF in cells (Figure 3.7A and B). This suggests 
that whilst cap-dependent translation of the first ORF requires the presence and 
activity of eIF4A, translation directed by the PTV-1 1RES does not require eIF4A 
activity, confirming the in vitro analysis results.
3,6 Discussion
It has been shown previously that the PTV-1 5’ UTR contains an internal ribosome 
entry site within nt 1-405. Translation initiation occurs at AUG nt 412 and this 1RES 
element was found to initiate ti anslation efficiently both in vitt'o and in cells. The 
PTV-1 1RES was also found to be unaffected by proteolytic cleavage of the initiation 
factor eIF4G within the eIF4F complex (Kaku et a/., 2002). In these respects, the 
1RES element most closely resembles those associated with the Cardia- and 
Aphthovirus genera of the picornavirus family. However, further analysis of this 
element has revealed several unique properties that suggest it is structurally and 
fiinctionally distinct fi*oni other picornavirus 1RES elements.
The first indication of this difference was the discovery that the PTV-1 1RES is an 
exceptionally short element. Deletional analysis revealed that the 1RES is only 280 
nt in length (Figure 3.3), compared to the 450 nt PV 1RES (Pelletier and Sonenberg,
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1988). Also noteworthy is the lack of a polypyrimidine tract upstream of the 
initiation codon. This feature was assumed common to all picomaviruses and its 
absence from PTV-1 highlights further the unique features of this 1RES.
Initiation factor requirements were assessed by reconstituting 1RES mediated 
translation from purified components using toeprinting analysis. These studies 
showed that initiation factor requirements for 48S pre-initiation complex formation 
on the PTV-1 1RES were minimal. The initiation factors elFl, elFl A, eIF3, eIF4B 
and most suiprisingly eIF4F were apparently dispensable for 48S complex formation 
and in fact, only elF2 as part of the ternary complex eIF2 met-tRNAi GTP is required 
(Figure 3.4). This observation contrasts significantly with the initiation factor 
requirements of other picomaviruses, which absolutely require at least part of the 
eIF4F complex (eIF4A and the C-terminal domain of eIF4G), eIF3 and eIF4B 
(Pestova et a l, 1996a). However, with respect to size and initiation factor 
requirements, the PTV-1 1RES element appeal’s very similar to the 1RES elements of 
the Flaviviriis family, most notably HCV and CSFV. Previous toeprinting analysis 
using these 1RES elements has shown that only eIF2, as part of the ternary complex, 
is required for translation initiation (Pestova at a l, 1998a).
Interestingly, these experiments also showed that although eIF3 was not an absolute 
requirement for 48S complex formation, its omission fi’om in vitt^ o reactions 
destabilised the complexes, as shown by sucrose density centrifugation assays. This 
parallels the observation that eIF3, although not required for 48S complex formation 
on the PTV-1 1RES, enhanced die intensity of the toeprint when added to the 
reactions. These results support the suggestion that eIF3 is involved in formation 
and stabilisation of 43S complexes during tianslation initiation. eIF3 was also shown
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to directly bind the PTV-1 1RES (Figure 3.4), again mimicking previous results using 
HCV and CSFV 1RES elements. This suggests a role for eIF3 in direct recruitment 
of the 43S complex to viral RNA. That eIF3 can be omitted from the reactions 
without complete abrogation of 48S complex formation suggests that recruitment by 
eIF3 is not the only mechanism by which the 43 S complex binds the RNA, but it 
certainly enhances the efficiency with which they are recruited.
A fiirther interesting observation was that the PTV-1 1RES was able to directly 
interact with the 40S ribosomal subunit (Figure 3.4). This phenomenon has never 
been shown for other picornavirus 1RES elements. However, the 1RES elements of 
the Flaviviridae are able to form binary complexes with the 40S ribosomal subunit. 
Toeprinting analysis using the HCV 1RES showed that the 40S subunit is recruited 
directly to the stable pseudoknot shucture at the 3’ end of the 1RES (Pestova et al, 
1998a). This observation suggests that structures within the 1RES are able to 
functionally replace initiation factors and that the 40S subunit, perhaps in complex 
with eIF3, is actively involved in RNA selection and binding. Binary complex 
formation on both the HCV and PTV-1 1RES elements was confirmed using sucrose 
density centrifugation (Pisarev et a l, 2004).
Experiments performed within cells support the results obtained from in vitt'o 
reactions and further suggest direct recruitment of the 43S complex to the RNA. Co­
transfections using 2A’"^ ° encoded by the pGEM3Z/Jl plasmid is an efficient way of 
examining the activity of 1RES elements in the presence of a cleaved eIF4F complex 
in cells (Sakoda et al., 2001). 2A^ *^ ° cleaves eIF4G, separating elF4E bound to the 
N-terminus from eIF4A bound to the cent al and C-terminal domains. Analysis of
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binding sites of eIF4F to the 1RES has revealed that it is the central domain of eIF4G 
that mediates this interaction (Lamphear et a i, 1995; Pestova et al., 1996b), thus it is 
accepted that activity in the presence of indicates a lack of requirement for the 
cap binding protein eIF4E. The PTV-1 1RES was unaffected by co-expression of the 
2A^ *^ ,^ suggesting that this 1RES has no requirement for eIF4E in cells (Figure 3.5).
Previously, dominant negative mutants of eIF4A have been used to assess the 
requirement of various picornavirus 1RES elements for eIF4A in vitro (Pause et a i, 
1994b). This mutant is defective in the helicase and ATPase activities associated 
with eIF4A, and as such is inactive and unable to recycle through the eIF4F complex, 
preventing eIF4F from mediating translation initiation. These experiments have 
shown that eIF4A is absolutely required for all picornavirus 1RES-mediated 
translation. It is believed to be involved in local unwinding of RNA at the initiation 
codon to allow the ribosome to access the initiation codon (Lomakin et al, 2000). 
Use of a dominant negative mutant (DQAD) and small molecule inhibitor of eIF4A 
demonshated that the PTV-1 1RES was able to function in the absence of eIF4A in 
vitro (Figure 3.6) and in cells (Figure 3.7). These results highlight an important 
difference between the PTV-1 1RES initiation factor requirements and the 
requirements of other picomaviruses.
104
CHAPTER FOUR ANALYSIS OF THE PTV-l 1RES
CHAPTER FOUR 
STRUCTURAL AND FUNCTIONAL ANALYSIS OF THE PTV-1 
INTERNAL RIBOSOME ENTRY SITE
4.1 Introduction
Initial characterisation of the PTV-1 1RES element has revealed properties unique to 
a picornavirus 1RES element. In contr ast to other picornavirus 1RES elements it is 
shorter (280 nt), has no requirement for the eIF4F initiation factor complex during 
translation initiation and can directly bind 40S ribosomal subunits. These properties 
are, however, remarkably reminiscent of those of the flavivirus 1RES elements, such 
as hepatitis C virus (HCV) and classical swine fever virus (CSFV).
The Flaviviridae are currently classified into three genera. Of these, the Flavivirus 
genus, which includes yellow fever virus (YFV) uses the conventional cap- 
dependent scanning mechanism for genome translation initiation (Rice et al, 1985). 
Viruses belonging to the Hepaci- and Pestivirus genera tr anslate their genomes in an 
IRES-dependent manner (Tsukiyama-Kohara et a l, 1992; Poole et a l, 1995). The 
predicted secondary structure of these elements and the mechanism of ribosome 
recruitment to the 1RES is distinct from picornavirus 1RES-mediated translation 
(Section 1.4).
The Hepacivirus genus includes HCV, which was originally identified as non-A, 
non-B hepatitis virus (Choo et a l, 1989) and infects around 3% of the world’s 
population. Initial infection manifests itself as acute hepatitis, but in 50-80% of 
cases the infection becomes chronic and may result in liver cirrhosis and carcinoma
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(reviewed in Pawlotsky, 2003). The Pestivirus genus includes CSFV (previously 
known as hog cholera virus), a worldwide economically important disease of swine 
with a mortality rate of up to 100% (van Oirschot and Terpstra, 1989).
The flavivirus 1RES elements, particularly that of HCV, have been well 
characterised and secondary structure models have been developed through 
extensive mutagenesis, functional and NMR studies. The predicted secondary 
structures of the HCV and CSFV 1RES elements are shown in figure 4.1. The 5’ 
UTR is divided into four (HCV) or three (CSFV) main domains, of which domain I 
(not shown) is dispensable for 1RES activity and may indeed prove inhibitory in the 
context of dicistionic vectors (Rijnbrand et a l, 1995). Domains II and III form large 
structures containing a number of hairpin loops, mismatched pairs and asymmetric 
internal loops, all attiactive candidates for RNA-RNA and RNA-protein interactions. 
The base of domain III (domain Illf) forms a typical pseudoknot structure that is 
critical for 1RES activity (Wang et a l, 1995; Fletcher and Jackson, 2002). Domain 
IV is absent from the pestiviruses, but in HCV and the closely related GB virus B 
(GBV-B) consists of a stem-loop stiucture that involves the viral coding sequence 
including the initiation codon (Honda e ta l,  1996a).
Secondary structure features such as internal loops are critical for 1RES activity as 
they provide regions for long-range RNA-RNA interactions, allowing the 1RES to 
adopt the appropriate conformation for ribosome binding. Analysis of the tertiary 
structure of the HCV 1RES has revealed Üiat this RNA folds into a unique and stable 
3D structure, which allows correct spatial presentation of particular protein binding 
motifs. Folding is dependent on the presence of divalent cations such as Mg^ ,^
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Figure 4.1 Secondary structure models of the HCV and CSFV 1RES elements.
(A) The HCV 1RES is composed of three major domains, II-IV as indicated. 
Domain III is further divided into subdomains Illa-IIIf. 1RES activity requires the 
presence of an unstable domain IV, which includes nucleotides of the HCV coding 
sequence (boxed). Figure taken from Otto et a i, 2002. (B) The CSFV 1RES is 
composed of two domains, II and III as indicated. Figure taken from Fletcher and 
Jackson, 2002.
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which are required for charge neuti-alisation of the negatively charged phosphate 
backbone, allowing close interaction of nucleotides from different areas of the RNA 
(Kieft ejfa/., 1999).
The PTV-1 1RES element has been shown to have the same translation initiation 
factor requirements as the HCV 1RES, thus the puipose of these studies was to 
determine similarities between the HCV and PTV-1 1RES elements at both the 
primary sequence and secondary structure levels. Furthermore, sti'uctures and motifs 
found to be conserved between HCV and PTV-1 1RES elements were examined 
using mutagenesis studies.
4.2 Sequence comparison of the PTV-1 and HCV 1RES elements
Sequence comparisons of the different HCV genotypes has indicated that the 5’ UTR 
of these viruses is the most conserved region of the genome, with distinct genotypes 
showing over 85% sequence identity in this region (Bukh et a l, 1992). 5’ UTR 
sequence conservation between HCV and CSFV, belonging to different genera of the 
Flaviviridae, is around 50%, but many of these changes correspond to covariant 
nucleotide substitutions and it is clear that the HCV and CSFV 1RES elements adopt 
very similar secondary süuctures (Figure 4.1). To determine the relationship 
between the PTV-1 1RES element and the 1RES elements of the Flaviviridae, 
sequence alignments were performed between the 1RES elements of PTV-1 and 
HCV.
108
CHAPTER FOUR ANALYSIS OF THE PTV-11RES
4.2,1 Results
The HCV 1RES has previously been suggested to be contained within nt 44-345 of 
the 5’ UTR (Honda et a l, 1996b). Thus, this region was aligned with the core 1RES 
element of PTV-1 (nt 125-414) (Pisarev et ah, 2004). Sequences were aligned using 
clustal W and manually edited using the GCGIO Seqlab program.
The sequence comparison between HCV and PTV-1 1RES elements is shown in 
figure 4.2 and shows a 53% sequence identity. This value is especially high when it 
is considered that these 1RES elements belong to viruses fi'om different families.
Identified on figure 4.2 aie individual domains associated with the HCV 1RES 
secondary structure and it is conceivable that these domains exist within the PTV-1 
1RES based on significant sequence similarity in these regions. The most striking 
region of identity is within HCV domain Ille, a stem-loop structure located near the 
3’ end of the 1RES element that is predicted to play a significant role in formation of 
tertiary structures within the HCV 1RES (Kieft et a l, 1999). The high level of 
sequence identity in the corresponding region on the PTV-1 1RES (11 out of 12 nt) 
suggests that a similar structure is formed neai* the 3’ end of this 1RES element.
Another sti ucture located at the 3’ end of the flavivirus 1RES elements is a 
pseudoknot that has been shown to be critical for activity of these 1RES elements 
(Wang et a l, 1995). Pseudoknots are widely occurring structural motifs and are 
characterised by short double-stianded stem regions connected by loops (reviewed in 
Dieman and Pleij, 1997). The nucleotides involved in formation of the HCV 
pseudoloiot are marked by red crosses above the sequence and a model of the HCV
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Figure 4.2 Sequence alignment of the HCV and PTV-1 1RES elements.
Sequences were aligned using clustal W and manually edited using GCGIO Seqlab. 
Individual domains associated with the HCV and PTV-1 1RES element are indicated. 
Red crosses (x) indicate nucleotides that are predicted to be involved in formation of 
a pseudoknot structure within the HCV and PTV-1 1RES elements. The initiation 
codons are boxed in blue. Sequence identity is 53%. HCV EMBL accession 
number: ABO 16785. PTV-1 EMBL accession number: AB038528.
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pseudoknot is shown in figure 4.3B. For comparison, the CSFV pseudoknot is also 
shown. The CSFV pseudoknot differs only slightly from the HCV pseudoknot in the 
first stem region (SI), which is bipartite, separated into stem la  and stem lb by an 
asymmetric internal loop. The second loop (L2) of the pseudoknot is also longer in 
CSFV than in HCV (Fletcher and Jackson, 2002). The sequence identity between 
the regions of the HCV 1RES involved in pseudoknot formation and the 
corresponding region of the PTV-1 1RES element is not striking, however it is clear 
that nucleotides in this region (marked with red crosses underneath the PTV-1 
sequence in figure 4.2) are able to base-pair to form a similar structure within the 
PTV-1 1RES element. The proposed PTV-1 pseudoknot and domain life are shown 
in figure 4.3 A and if correct appear very similar to the corresponding structures 
found in the HCV 1RES.
4.3 PTV-1 pseudoknot mutagenesis
Pseudoknots have become well-characterised RNA structural elements due to their 
abundance in RNA. Predicted tertiary folding of this structure is shown in figure 
4.3C. The importance of base-pair interactions in the stem regions of the HCV 
pseudoknot has been suggested by extensive mutagenesis studies designed to disrupt 
the nucleotide interactions. To confirm the predicted model of the PTV-1 
pseudoknot, similar mutagenesis experiments were undertaken that were designed to 
initially disrupt predicted base-pairs and then restore these interactions by 
introducing compensatory mutations.
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Figure 4.3 Secondary structure of the PTV-1 pseudoknot. (A) Proposed 
secondary structure of the PTV-1 pseudoknot. The two loops (LI and L2) and two 
stems (81 and 82) involved in formation of classic H-type pseudoknots (Pleij, 1993) 
are indicated. (B) The HCV and C8FV pseudoknots are shown for comparison 
(Wang et al., 1995; RJinbrand et al., 1997). Note that HCV domain IV is not shown. 
(C) 8chematic folding of the classic H-type pseudoknot (Dieman and Pleij, 1997).
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4.3.1 Results
The predicted pseudoknot in the PTV-1 1RES is shown in figure 4.3A and is 
composed of two base-paired stems (SI and S2) connected by two loops (LI and 
L2). To confirm predicted base-pair interactions in the stems, two sets of 
pseudoknot mutants were created, mutating nucleotides in either SI or S2.
Overlap PCR (Section 2,3.8) was used to generate these mutants. The previously 
consti'ucted pGEM-CAT/PTV/LUC vector (pGEM-CAT/TAL2F/LUC) (Kaku et a l, 
2002) was used as a template for initial mutations designed to disrupt base-pairing 
interactions. PCR primers are listed in table 4.1. The final PCR products were 
purified and quantified, before being digested with BamHl to isolate the 412 nt PTV- 
1 cDNA fragment containing the S1 or S2 mutation. These products were inserted 
into a J?(7mH7-linearised, phosphatase-tieated pGEM-CAT/LUC vector (van der 
Velden et a l, 1995). The orientation of the insert was established and the presence 
of the mutation confirmed by sequencing using the CAT Forward primer (Figure 
4.4B).
Compensatory mutations were produced using the initial SI or S2 mutation- 
containing pGEM-CAT/PTV/fLUC vectors as templates for overlap PCRs, as 
described previously. In this case, the internal primers contained the compensatory 
mutation (Table 4.1). The final pGEM-CAT/PTV/LUC vectors containing the initial 
and compensatory mutations were sequenced to confirm the presence of both sets of 
mutations (Figure 4.4C).
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Figure 4.4 Mutagenesis of the predicted PTV-1 pseudoknot structure. (A)
Diagrams of the predicted structure of the PTV-1 pseudoknot. Stem regions (SI and 
S2) are indicated. Nucleotides marked in red are those that were mutated initially. 
Those marked in green were mutated to compensate initial mutations. (B) Overlap 
PCR was performed to generate mutations in SI or S2 of the pseudoknot. PCR 
fragments generated were inserted into the pGEM-CAT/LUC vector and sequenced 
to confirm the presence of the mutation. (C) Overlap PCR was used to generate 
compensatory mutations, using the previously constructed mutant vectors (SI mutant 
or S2 mutant) as templates. Compensatory mutant vectors were sequenced to 
confirm the presence of both the original mutation (not shown) and the 
compensatory mutation. Primers are detailed in table 4.1.
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All constructs were analysed for the expression of CAT and fLUC using transient 
expression assays in vTF7-3-infected BHK cells (Section 2.4.1). Each plasmid 
(2.5pg) was transfected separately and after 20 hours the cells were harvested and 
the lysate examined for the expression of CAT and fLUC using 10% SDS-PAGE 
followed by Western blotting. Firefly luciferase activity was also assessed using the 
LUC assay (Promega).
Nucleotides involved in initial SI mutations are shown in red in figure 4.4A and 
involved mutation of GGG (nt 225-227) to CCC (Figure 4.4B). The nucleotides 
GGG are predicted to base-pair with CUU (nt 386-388). If this prediction is correct, 
the S1 mutation should prevent this interaction and disrupt fonnation of the 
pseudoknot. Western blot analysis (Figure 4.5A) indicates that this mutation almost 
completely abrogated 1RES activity, as indicated by the complete loss of the fLUC 
protein band. This result was confirmed by enzymatic LUC assays (Figure 4.5B). 
This suggests that these nucleotides are critical within the pseudoknot, but does not 
confirm the predicted interactions within the pseudoknot.
Compensatory mutations in SI involved mutation of CUU (nt 386-388) to GGG 
(Figure 4.4A and C) to restore predicted base-pair interactions. Introduction of the 
second mutation clearly restored 1RES activity to a level of 95% of wild-type 
activity (Figure 4.5 A and B), suggesting that base-pairing interactions within SI 
were restored and therefore predicted conectly.
Nucleotides involved in initial S2 mutations are shown in red in figure 4.4A and 
involved mutation of GG (nt 375/376) to CC (Figure 4.4B). These nucleotides are
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Figure 4.5 Analysis of pseudoknot mutants in cells. (A) Dicistronic pGEM- 
CAT/PTV/LUC plasmids (2.5pg), containing the indicated mutations were used to 
transfect vTF7-3-infected BHK cells and analysed for the expression of CAT (25 
kDa) and fLUC (60.5 kDa) by 10% SDS-PAGE and immunoblotting. The 
mobilities of broadrange protein markers (NEB) are shown for reference. (B) LUC 
assays were performed to quantify fLUC expression directed by each PTV 
pseudoknot mutant after transfection into vTF7-3-infected BHK cells. A mean value 
(+/- S.D) from three transfections was calculated and results standardised to 
expression directed by the wild-type 1RES (WT), which is shown as producing 100% 
activity.
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thought to interact with nt 396/397 (UC), thus this mutation would be predicted to 
prevent this interaction and destabilise the pseudoknot. It is clear that mutagenesis 
in this region inhibited the activity of the 1RES, indicated by the reduction of 1RES 
activity to 4.5% of wild-type activity (Figure 4.5A and B).
Compensatory mutations in S2 involved mutation of UC (nt 396/397) to GG to 
restore nucleotide interactions and stabilise the pseudoknot (Figure 4.4A and C).
The predicted structure of S2 appears coiTect as introduction of the compensatory 
mutation in this region clearly restores activity of the 1RES (Figure 4.5 A). However, 
in this case, only 62% activity compared to wild-type levels was achieved (Figure 
4.5B). This result suggests that although base-pair interactions are restored, the 
pseudoknot structure remains partially destabilised when nucleotides in this region 
are altered.
4.4 PTV-1 GACA-loop (Ille-loop) mutagenesis
Previously, analysis of a highly conserved G AU A tetraloop found in domain Ille in 
HCV has shown that all nucleotides within the loop are critical for HCV 1RES 
activity (Psaridi et a l, 1999; Lukavsky et a l, 2000). Sequence analysis of the PTV- 
1 1RES has suggested that a similar tetraloop is present at an identical position 
within this 1RES (Figure 4.6A). Like its HCV counteipart, the PTV-1 Ille loop does 
not conform to the most common and stable tetraloop sequences, such as the GNRA 
tetraloop, as position 3 contains a pyrimidine in both virus 1RES elements. To 
examine the importance of the Ille loop, which in PTV-1 has the sequence GACA, 
mutagenesis studies were undertaken that investigated the nucleotide requirements 
within the loop.
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Figure 4.6 Construction of PTV-1 GACA-loop mutants. (A) The sequence and 
predicted structure of the wild-type PTV-1 domain Ille. (B) Mutants were generated 
by Y. Kaku (NIH, Japan) using Quik change mutagenesis with the previously 
described monocistronic pGEM-I-B vector. A spacer oligonucleotide was then 
inserted and BamHl restriction digests were performed to remove the entire PTV-1 
5’ UTR that contained each mutation, for insertion into the ^amW-linearised, 
phosphatase-treated pGEM-CAT/LUC vector (see text). (C) Dicistronic vectors 
were sequenced to confirm the presence of each GACA-loop mutation.
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4.4.1 Results
The wild-type PTV-1 1RES (Figure 4.6A), four single GACA-loop mutants and one 
containing a double mutation were generated with the sequences AAAA, GAAA, 
GACC, AACA or GAUA (Figure 4.6C). These mutants were created by Y. Kaku 
(NIH, Japan) using Quik-change mutagenesis (Stratagene) and inserted into 
BamHI/NcoI restriction sites of a previously constructed monocistronic pGEM-I-B 
vector that contains the first 1400 nt of PTV-1 coding sequence fused to a myc tag 
(Kaku et a i, 2002) (Figure 4.6B). To facilitate analysis of the activity of each 
mutant 1RES, the mutant 1RES elements were removed from the monocistronic 
vectors and inserted into the dicistronic pGEM-CAT/fLUC reporter plasmid. To 
achieve this, a BamHl resti iction site was inti oduced at the 3’ end of the PTV-1 
1RES and its derivatives in order that the entire 1RES could be easily removed from 
pGEM-I-B and inserted into 5^ïwH/-linearised pGEM-CAT/fLUC. 5’- 
phosphorylated Spacer primers (forward and reverse) were designed which 
contained 7Vco/-compatible 5’ and 3’ ends for insertion into the Ncol restriction site 
present at the 3’ end of the PTV-1 1RES in pGEM-I-B. A BamHl restiiction site 
was included in these oligonucleotides for subsequent cloning reactions (Table 4.1). 
The Spacer oligonucleotide was designed to maintain the reading fi'ame from the 
PTV-1 initiation codon to the fLUC initiation codon. The forward and reverse 
oligonucleotides were annealed and ligations were performed to insert the Spacer 
oligonucleotide into the VcoZ-linearised, phosphatase-tieated PTV-l/pGEM-I-B 
vector (Section 2.3.9). Using the derived plasmids, BamHl restriction digests were 
performed to remove the entire wild-type or mutant PTV-1 1RES and 
oligonucleotide Spacer from the monocistronic vector for insertion into the prepared 
pGEM-CAT/fLUC vector (Figure 4.6B). Analysis of the wild-type PTV-1 1RES
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suggested that the Spacer oligonucleotide had no detrimental effect on fLUC 
activity. Final constructs were sequenced using the CAT forward primer (Table 4.1) 
to confirm the orientation of the insert and presence of the required mutation (Figure 
4.6C).
Each plasmid (2.5pg) was tiunsfected separately into vTF7-3-infected BHK cells. 
After 20 hours, cells were prepared and analysed by 10% SDS-PAGE followed by 
Western blotting. LUC assays were also performed to quantify fLUC activity 
directed by each PTV-1 mutant 1RES.
Western blot analysis of the mutant 1RES elements is shown in figure 4.7A and it is 
clear that each mutant has an impaired ability to direct ti anslation of the downstieam 
fLUC ORF. LUC assay results mirrored those obtained from Western blot analysis 
(Figure 4.7B) and show that the double mutant (AAAA) and GACC mutant, in 
which the last residue of the loop has been mutated from A to C, are the least 
effective in their ability to direct translation. The GAAA mutant (C to A mutation at 
position 3) is also severely impaired in activity, with translation directed by this 
1RES element reduced to 24% compared to wild-type levels. The two mutations 
causing the least impairment of activity were the AACA mutant (G to A mutation in 
position 1) and the GAUA mutation, which corresponds to the sequence found in the 
HCV 1RES domain Ille loop. This mutant was able to direct translation at levels of 
50% of the wild-type 1RES.
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Figure 4.7 Analysis of PTV-1 GACA-loop mutants in cells. (A) Dicistronic 
pGEM-CAT/PTV/LUC plasmids (2.5pg), containing the indicated mutation were 
used to transfect vTF7-3-infected BHK cells and analysed for the expression of CAT 
(25 kDa) and fLUC (60.5 kDa) by 10% SDS-PAGE and immunoblotting. The 
mobilities of broadrange protein markers (NEB) are shown for reference. (B) LUC 
assays were performed to quantify fLUC expression directed by each PTV GACA- 
loop mutant after transfection into vTF7-3-infected BHK cells. A mean value (+/- 
S.D.) from three transfections was calculated and results were standardised to 
expression directed by the wild-type 1RES (WT), which is shown as producing 100% 
activity.
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4.5 PTV-1 Illd CUGG ‘bulge’ mutagenesis
The stem-loop that constitutes domain Hid within the HCV 1RES (Figure 4.8A) has 
been extensively studied and mutational analysis suggests that it plays an important 
role in HCV 1RES activity (Klinck et a l, 2000). The internal asymmetiic loop and 
adjacent nucleotides (marked in blue in figure 4.8A) form a a-sarcin/ricin loop 
(SRL) motif that is suggested to act as a recognition site for ribosomal proteins 
(Klinck et a l, 2000).
Sequence alignments suggest that a Illd-like domain exists within the PTV-1 1RES. 
However, the sti ucture of PTV-1 domain Hid is predicted to involve a completely 
base-paired stem region terminating in a stable GNRA tetraloop (GGGA) (Figure 
4.8A). A similarly fully base-paired stem-loop terminating in a GGGU tetialoop is 
found in the CSFV 1RES domain Hid (Honda et a l, 1996a).
NMR data is now available that has allowed modelling of the 3D structure of domain 
Hid within HCV. However, this model excludes the 4 nt CUUG ‘bulge’ of unpaired 
nucleotides at the 3’ end of domain Hid. There is currently no data available 
concerning these nucleotides, thus the functional importance of the bulge is unclear. 
However, sequence alignments with PTV-1 suggest that it is also present at the 3’ 
end of PTV-1 domain Hid (Figure 4.8A (boxed)). In PTV-1, this bulge differs only 
at position 3, which is a G residue rather than U, but the conservation of this 
structure suggests it as an interesting target for analysis.
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4.5.1 Results
Overlap PCR using degenerate internal primers and CAT or LUC external primers 
(Table 4.1) was used to generate random Hid ‘bulge’ mutants. The previously 
consti'ucted pGEM-CAT/PTV/fLUC vector was used as a template for these 
reactions. The final PCR products were purified and quantified, before being 
digested with BamHl to isolate the 412 nt PTV-1 1RES containing Hid ‘bulge’ 
mutations. These products were inserted into the 5a/«7f/-lmearised, phosphatase- 
treated pGEM-CAT/fLUC vector and the sequence of each mutation analysed by 
sequencing reactions using the CAT Forward primer.
For the purpose of these studies, a panel of 8 random mutants were examined in 
parallel with the wild-type PTV-1 sequence using in vitro TNT assays. Assays were 
programmed with 0.5 pg DNA and [^^S]-methionine and incubated for 90 minutes at 
30°C. Translation products were analysed using 10% SDS-PAGE followed by 
autoradiography. The reaction products were also quantified using a Phosphorlmager 
(Molecular Imager FX , BIO-RAD) to detemiine the level of [^^S]-methionine 
incoiporation into the CAT and fLUC proteins.
The activity of a panel of Hid ‘bulge’ mutants is shown in figure 4.8B. As expected, 
activity of the upstream CAT ORF is similar for each construct. From the 
autoradiograph, it is apparent that none of the mutants examined in this screen had 
any really deleterious effect on tianslation in vitro. Quantification of [^^S]- 
methionine incorporation into LUC suggests that most mutants are equally or more 
active than the wild-type PTV-1 1RES. The CGAT mutant, modified at 3 bases, is 
slightly less active.
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Figure 4.8 Analysis of the PTV-1 domain Hid ‘bulge’ in vitro. (A) Secondary 
structure of the HCV domain llld and the corresponding domain in PTV-1. The 
SRL motif in the HCV sequence is indicated in blue. The 3’ ‘bulge’ that was subject 
to mutagenesis in PTV-1 is boxed in red. (B) A selection of random mutants were 
analysed in vitro using TNT reactions. The indicated plasmids (0.5pg) were used to 
programme reactions in RRL containing [^^S]-methionine. The products were 
separated by 10% SDS-PAGE and expression of CAT and fLUC was analysed by 
autoradiography. The mobilities of broadrange protein markers (NEB) are shown for 
reference. Products were quantified using a Phosphorlmager to determine the level 
of [^^S]-methionine incorporation into the proteins. Results were standardised to 
LUC expression directed by the wild type (WT) PTV-1 1RES, which is set at 100%.
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4.6 PTV-1 coding sequence requirement
Substantial work on the HCV 1RES has revealed that it requires some protein coding 
sequences for maximal activity in the context of dicistronic reporter vectors. This 
conclusion was drawn from the observation that in the context of certain vectors (e.g. 
pGEM/CAT/HCV/fLUC), the 1RES was able to efficiently direct internal initiation 
of translation (Tsukiyama-Kohara et a/., 1992; Wang et a/., 1993), whereas in others 
(e.g. pXLJ-Cyclin/HCV/NS’), the 1RES was inactive unless fused to some of the 
HCV core protein sequence (Reynolds et aL  ^ 1995). It has since been suggested that 
the HCV 1RES contains a relatively unstable stem-loop stiucture termed domain IV 
that involves the initiator AUG and sequences before and after the initiation codon 
(Honda et al^ 1996a). There appears to be no requirement for a particular primary 
nucleotide sequence downstieam of the 1RES, instead, the requirement for 
downstream sequences is suggested to reflect a need for a suitably unstable domain 
rv  that can melt to allow ribosomal access to the initiation codon (Honda et a/., 
1996a; Rijnbrand et a l, 2001). This requirement is clearly achieved by fusion to a 
downstream LUC ORF, however, inclusion of the timcated influenza non-structural 
protein (MS’) was found to cause an increase in the stability of domain IV, 
preventing HCV 1RES-mediated translation (Honda et al., 1996a).
Unlike the HCV 1RES, PTV-1 does not appear to have any requirement for 
downstieam protein coding sequences (Kaku et a l, 2002) and sequence analysis has 
suggested that the foimation of a similar domain IV structure at the 3’ end of the 
PTV-1 1RES in unlikely. However, PTV-1 1RES activity has only been assessed in a 
monocistronic vector, that contains the first 1400 nt of PTV-1 coding sequence and 
the dicistronic pGEM-CAT/PTV/fLUC vector. To further analyse the requirement
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of the PTV-1 1RES for particular downsti*eani sequences, the 1RES was inserted into 
the pXLJ plasmid that contains an upstream Xenopus laevis cyclin B2 ORF and a 
downstream NS' ORF (Borman and Jackson, 1992).
4.6.1 Results
The pXLJ plasmid was kindly provided by R. Jackson, Cambridge University and is 
described in Borman and Jackson (1992). The PTV-1 5’ UTR (that excludes an 
initiation codon) was excised from pGEM-CAT/PTV/fLUC using BamHl restriction 
digests. The 405 nt fragment produced was treated with the Klenow fragment of 
DNA polymerase I and purified using LMP gel electrophoresis. The pXLJ vector 
was linearised by restriction digestion with Sail (present between the two ORFs), 
blunt-ended by treatment with T4 polymerase and phosphatase treated. The prepared 
PTV-1 1RES was ligated into the linearised pXLJ vector and positive colonies 
screened by restriction digestion (Figure 4.9A).
The dicistronic pXLJ-PTV constiuct was assayed using in vitro TNT assays. 
Reactions were programmed with 0,5pg DNA and [^^S]-methionine. The constructs 
pXLJ-HCV372 and pXLJ-HCV339 were assayed in parallel (described in Reynolds 
et a l, 1995). pXLJ-HCV372 contains the HCV 1RES fused to 10 amino acids (aa) 
of core protein sequence. The HCV and NS’ initiation codons were kept in frame in 
this vector, thus the NS’ protein produced includes a 10 aa N-terminal extension. 
pXLJ-HCV339 contains the HCV 1RES fused directly to the NS’ protein. Reactions 
products were analysed using 10% SDS-PAGE and autoradiography.
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Figure 4.9 Analysis of the PTV-1 1RES coding sequence requirement in vitro.
(A) The vector pXLJ contains an upstream cyclin B2 ORF and a downstream NS' 
ORF (Borman and Jackson, 1992). The entire PTV-1 5’ UTR (excluding the 
initiation codon) was excised from pGEM-CAT/PTV/fLUC using BamHl restriction 
sites present at both ends of the 5’ UTR The fragments were blunt-ended and 
inserted into a unique, blunt-ended Sail site in pXLJ to create pXLJ-PTV.
Restriction sites shown are those used for cloning or subsequent analysis of clones. 
Those in brackets do not exist in the final vector. The nucleotide sequence of the 
boundary between the 1RES and NS’ ORF is shown. (B) The indicated plasmids 
(0.5pg) were used to programme TNT reactions containing [^"S]-methionine. The 
products were separated by 10% SDS-PAGE and analysed for the expression of 
cyclin B2 (52 kDa) and NS’ (30 kDa) by autoradiography. The mobilities of 
broadrange protein markers (NEB) are shown for reference. The HCV 372 vector 
contains the HCV 1RES and 10 aa of HCV core protein coding sequence, the HCV 
339 vector contains the HCV 1RES, but lacks viral coding sequences (Reynolds et 
ai, 1995).
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The resulting autoradiograph is shown in figure 4.9B. It is clear that when fused to 
downstream coding sequence, the HCV 1RES is able to direct efficient translation of 
the downsti eam NS’ ORF. However, removal of the downsti eam coding sequences 
has a detrimental effect on 1RES activity as described previously (Reynolds et a l, 
1995). It is assumed that in these constiucts, domain IV stability is increased such 
that domain IV cannot melt to allow the ribosome access to the initiation codon. The 
PTV-1 1RES was efficient at directing translation of the NS’ ORF in the context of 
these vectors, suggesting that the PTV-1 1RES has no requirement for particular 
downstream sequences and likely no requirement for a domain IV stiucture for 
efficient internal initiation,
4.7 Discussion
The 1RES element contained within the PTV-1 5’ UTR is unusual for a picornavirus 
1RES element in terms of its size, reduced initiation factor requirements and lack of 
polypyiimidine tract. However, these properties are remarkably similar to those 
associated with the 1RES elements of the Flaviviridae, such as those present within 
the HCV or CSFV 5’ UTRs. Sequence alignments were performed between the 
HCV and PTV-1 1RES elements that indicated an identity of over 50% (Figure 4.2). 
This value is remarkable when it is considered that these viruses belong to different 
families and suggests that the similarities between these elements extend to 
secondary and tertiary stiuctures. On this basis, a secondary stiucture model for the 
1RES of PTV-1 has been developed that bears a sticking resemblance to that of HCV 
(Figure 4.10). Where the sequence identity was high, this model was developed by 
comparisons with the HCV and CSFV published secondary stiuctures (Figure 4.1). 
For less conserved areas, particularly neai* the 5’ end of the 1RES, PTV-1 stiuctures
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Figure 4.10 Proposed secondary structure of the PTV-1 1RES. Domains are 
labelled according to corresponding domains in HCV. Boxed regions indicate 
nucleotides that were subject to mutagenesis studies. Nucleotides circled in black 
correspond to those conserved in the flavivirus sub-domain Ilia. The structure was 
predicted by mutational analysis, comparative sequence analysis with HCV and 
CSFV published secondary structures and using mfold, which was used to predict 
the most thermodynamically favourable structures for domains II, lllb and IIIc. A 
schematic of the HCV 1RES secondary structure (inset) is shown for comparison 
(Martinez-Salas et a i, 2001).
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were determined using mfold to predict the most thermodynamically favourable 
structures (Zucker, 2003).
Like the flavivirus 1RES elements, PTV-1 appears to comprise two major domains 
(termed domain II and III based on siniilaiities with their HCV counterparts). The 
structure of the HCV domain II was proposed by Honda et a l, (1999) and the 
requirement for this domain for 1RES-mediated translation was confirmed by 
mutational analysis (Pestova et a l, 1998a; Honda et a l, 1999). Previous analysis of 
the PTV-1 1RES element has shown that small 5’-terminal deletions within domain 
II are tolerated, reducing 1RES activity about 5-fold. This is consistent with reports 
concerning domain II of the HCV and CSFV 1RES elements that describe mutations 
designed to disrupt the base of domain II. These disruptions only reduced 1RES 
activity 2 to 5 fold (Honda et a l, 1999), More extensive deletions into PTV-1 
domain II, or mutations of the apical region of HCV domain II completely abrogated 
1RES activity (Pisarev et a l, 2004; Honda et a l, 1999).
Using mfold, domain II within PTV-1 was predicted to consist of two sub-domains, 
Ha, a short stem structure near the base of the domain, and Ilb at the apical end. 
Recently cryo-electronmicroscopy and nuclear magnetic resonance (NMR) data have 
shown that the apical end of the HCV domain II contacts the 40S ribosomal subunit 
near the E site of the ribosome, resulting in conformational change of the 40S 
subunit and facilitating closing of the mRNA binding cleft in the 80S particle. Thus, 
although it does not appear to contribute directly to 40S-IRES affinity, it is 
suggested to functionally replace initiation factors in aiding correct positioning of the 
ribosome on the HCV 1RES (Spahn et a l, 2001; Lukavsky et a l, 2000).
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The HCV domain III is composed of six sub-domains (a-f), of which five are 
predicted to occur in the PTV-1 1RES. The stem-loop comprising domain Ilia is 
conserved in HCV and CSFV, but is apparently absent horn the PTV-1 1RES, The 
highly conserved motif AGUA is present within the PTV-1 sequence (circled in 
Figure 4.10), but these nucleotides are predicted to be involved in base pair 
interactions at the base of domain III rather than being presented on a terminal loop.
A role for domain Ilia in HCV or CSFV translation has not been clearly 
demonshated due to conflicting results. Analysis of the conserved AGUA tetraloop 
in HCV has suggested that these nucleotides are required for 40S ribosomal subunit 
binding (Kieft et a l, 2001). However, cryo-electronmicroscopy and NMR data 
suggests that the apical region of domain III (sub-domains Ilia, Illb and IIIc) do not 
contact the 40S ribosomal subunit and instead extend away from it (Spahn et a l, 
2001). Mutations within the CSFV AGUA tetraloop appear to have little effect on 
translational activity of these 1RES elements, altliough mutations designed to disrupt 
the stem were inhibitory to CSFV 1RES-mediated translation (Kolupaeva et a l, 
2000b; Fletcher and Jackson, 2002). Thus, it appears that the presence of the stem- 
loop may be required for maintenance of a correct tertiary structure within the 1RES, 
but that the conserved AGUA tetialoop is not required for 1RES activity. However, 
the conservation of these nucleotides across genera and indeed different virus 
families suggests they play an important role in the virus life-cycle and may act as 
replication signals.
The apical region of HCV domain III (sub-domains Illb and IIIc) has been shown to 
be the binding site for eIF3 (Pestova et al, 1998a; Sizova et a l, 1998). The
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interaction of eIF3 with the HCV 1RES is not a requirement for 40S ribosomal 
subunit interaction, but is absolutely essential for formation of 80S complexes at the 
HCV initiation codon, and thus for translation initiation on the HCV 1RES (Pestova 
et al, 1998a). Mutations within HCV sub-domains Illb and IIIc unsurprisingly 
inhibited tianslation directed by this 1RES element, presumably by preventing 
interactions of the RNA with eIF3 (Sizova et a l, 1998; Tang et a l, 1999; Rijnbrand 
et a l, 2004). Analysis of the interaction of eIF3 with HCV sub-domain Illb 
revealed that the pi 16 subunit of eIF3 interacts with the terminal loop and the pi 70 
subunit with the stem (Burrati et al., 1998), whilst a small internal mismatch bulge is 
required for the formation of the correct tertiary structure within this region.
Sequence alignments between HCV and PTV-1 5’ UTRs (Figure 4.2) revealed a 
relatively low sequence identity in the apical region of domain III. The lack of 
sequence conservation is particularly suiprising for sub-domain IIIc, which is highly 
conserved across the flavivims 1RES elements (Rijnbrand et a l, 2004). Using 
mfold, it was possible to predict the formation of stiuctures similar to HCV sub- 
domains Illb and IIIc within the PTV-1 1RES (Figure 4.10).
Toeprinting assays previously used to assess the interaction of the PTV-1 1RES RNA 
with proteins have revealed a direct interaction between the PTV-1 RNA and eIF3 
(Figure 3.4). It is not possible from these assays to detemiine the exact site of 
interaction, but it is conceivable that the interaction occurs within PTV-1 sub- 
domains Illb and IIIc based on the structural similarities between the PTV-1 and 
HCV 1RES elements.
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The basal region of domain III appears to be the most sti'ucturally conserved region 
between the PTV-1 and HCV 1RES elements. Sub-domain Hid in HCV consists of a 
steni-loop structure that comprises an SRL motif suggested to act as a recognition 
site for ribosomal proteins. The hexanucleotide apical loop contains three unpaired 
G residues that are highly protected from modification through interactions with the 
40S ribosomal subunit (Lukavsky et a/., 2000; Klinck et al^ 2000; Jubin et a l y 
2000). Using mutational analysis, Hid has been demonstrated to interact with the S9 
ribosomal protein, an interaction that relies not only on the primary nucleotide 
sequence, but also on the correct tertiary folding of this sub-domain (Odremann- 
Macchioli et aly 2000). Sequence comparisons with the PTV-1 1RES suggest that it 
also contains a structure analogous to HCV sub-domain Hid. However, the SRL 
motif is absent and instead domain Hid in PTV-1 is predicted to fold into a 
continuous stem-loop structure that terminates in a highly stable GNRA tetraloop, 
with the sequence GGGA, similar in structure to sub-domain Hid of GBV-B. 
Structure probing analysis has suggested that the three G residues in the PTV-1 sub- 
domain Hid loop exist as an unpaired conformation and thus are available for 
interaction with the 40S ribosomal subunit (A. Pisarev, unpublished results).
The sequence compai isons between the HCV and PTV-1 1RES elements also 
indicated the presence of a 4 nt ‘bulge’ on the 3’ side of domain Hid. In HCV, the 
sequence of unpaired nucleotide is CUUG and in PTV-1, CUGG. Suiprisingly, 
modification of these nucleotides had little effect on the activity of the PTV-1 1RES 
in coupled ti*anscription/ti*anslation assays in vitro (Figure 4.8B). Previous studies 
on conserved motifs within the HCV and CSFV 1RES elements has suggested that 
the 1RES may contain signals required for viral replication and it may be that this
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conserved ‘bulge’, although not involved in translation, is required at another point 
dui'ing the PTV-1 and possibly the flavivirus lifecycles.
The most conserved region between the PTV-1 and HCV 1RES elements includes 
sub-domain Ille. This domain consists of a 4 nt stem with an apical G AU A loop in 
HCV or GACA loop in PTV-1. Mutational analysis of this loop in HCV has - 
suggested that all the nucleotides within the loop are critical for 1RES activity in 
cells. However, when assayed using in vitro translation assays, a wide spectium of 
activity was detected (Psaridi et a/., 1999). Similar transient expression assays by 
Lukavsky et a l, (2000) suggested only a 55% drop in activity when the HCV G AU A 
loop was mutated to GACA (as in PTV-1). However, all transient expression assays 
were performed using plasmids that express the mRNA from within the nucleus and 
the authors reported an identical drop in activity when the three conserved G 
residues in sub-domain Hid were mutated. It should be noted that the HCV 1RES 
has been suggested to contain a cryptic promoter element, thus bringing the 
suitability of nuclear expression experiments into question (Dumas et al, 2003).
Mutational analysis of the PTV-1 Hie loop involved using a tr ansient expression 
assay system that produced RNA transcripts in the cytoplasm, the noimal location 
for both picornavirus and flavivirus transcription. The results do not suggest 
tolerance for different nucleotides at any particular position within the loop (Figure 
4.7). However, it is interesting to look at the types of changes involved in each 
mutant compared to translational activity. The two most effective 1RES elements 
that retained up to 52% activity correspond to transition mutations. The least 
effective 1RES elements all contained transversion mutations and even the GAAA
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loop, that conforms to a more stable GNRA tetraloop structure is more affected than 
less stable structures containing transition mutations. Thus, it appears that the 
nature of the nucleotide at each position and not the overall stability of the loop is 
essential for PTV-1 1RES driven tr anslation. The decrease in 1RES activity observed 
when the PTV-1 sequence was mutated to the corresponding HCV sequence 
suggests that sub-domain Ille most likely is required for tertiary RNA-RNA 
interactions within the 1RES.
Sub-domain Illf constitutes a pseudoknot in the flavivirus 1RES elements. This 
structure has been shown to be critical for their activity (Wang et a l, 1995;
Rijnbrand et a l, 1997) and appears to be a major site of interaction with the 40S 
ribosomal subunit (Pestova et a l, 1998a; Kolupaeva et a l, 2000a). The structure is 
suggested to be involved in precise location of the 40S subunit at the site of the 
initiator AUG (Honda et a l, 1996a). There is relatively little sequence conservation 
within the pseudoknot between the HCV and PTV-1 1RES elements, but there is 
clear evidence for the conservation of this structure between the virus families 
(Figure 4.3A). Mutations in either of the stem regions of the PTV-1 pseudoknot 
greatly reduced activity of the 1RES, presumably due to a disruption in base-pairing 
within the stems. Translational activity was restored upon introduction of 
compensatory mutations (Figure 4.5). Thus, this strongly suggests that the predicted 
structure of the PTV-1 pseudoknot is correct and that this sti ucture is critical for the 
activity of the PTV-1 1RES.
The sti’uctural analysis of the PTV-1 1RES has revealed many similarities with the 
HCV 1RES. However, the HCV and closely related GBV-B 1RES elements contain
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an extra domain known as domain IV, which involves sequences downstream of the 
initiation codon. It has been suggested that the stability of domain IV is sti ongly, but 
inversely related to translational efficiency (Honda et a l, 1996a). It appears that 
domain IV is not directly involved in recruitment of the 40S subunit, however it is 
required to melt to allow the ribosome access to the initiation codon and downstream 
coding sequences. Interestingly, the closely related CSFV 1RES does not appear to 
contain an analogous domain IV.
All experiments conducted using the PTV-1 1RES in the context of both 
monocistronic vectors and the dicistronic CAT/PTV/fLUC vector have suggested 
that PTV-1 does not require downstream protein coding sequences for the formation 
of a domain IV structure (Kaku et a l, 2002). To examine this fiirther, the PTV-1 
1RES was inserted into the dicisti onic pXLJ plasmid to direct translation of the 
downstream NS’ ORF. The HCV 1RES was previously demonstrated to be unable to 
direct translation of NS’ unless coding sequences were introduced between the end 
of the 1RES and the beginning of the NS’ ORF (Reynolds et a l, 1995) due to an 
increased stability of domain IV in these vectors. No effect on translation directed 
by the PTV-1 1RES was observed in the context of these vectors, suggesting that the 
PTV-1 1RES was unaffected by alterations of sequences downsti eam of the initiation 
codon (Figure 4.9B). Indeed analysis of sequences around the initiation codon of 
PTV-1 does not suggest the formation of a domain IV structure in the viral RNA, 
CAT/PTV-l/fLUC or cyclin/PTV-1 /NS’ vectors.
The results presented in this chapter have confirmed that the similarities between the 
PTV-1 and HCV 1RES elements extend to the structures of these 1RES elements. A
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secondary structure model for the PTV-1 1RES has been proposed that closely 
resembles flavivims 1RES elements, but is distinct from the three previously 
established groups of picornavirus 1RES elements. Thus, the PTV-1 1RES represents 
a new class of picornavirus 1RES element.
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PRIM ER SEQUENCE (5 >-3^ )
PK SI Mut Forward 
PK SI Mut Reverse 
PK SI Comp Forward 
PK SI Comp Reverse 
PK S2 Milt Forward 
PK S2 Mut Reverse 
PK S2 Comp Forward 
PK S2 Comp Reverse 
PTV Spacer Forward 
PTV Spacer Reverse 
CAT Forward 
LUC1400 Reverse 
PTVIIId Forward 
PTVIIId Reverse
TGGTGGCGACACCCTACAGAAGAGC
GCTCTTCTGTAGGGTGTCGCCACCA
CCGTCTGTAGGGTGTATAGTCAGT
ACTGACTATACACCCTACAGACGG
ACAGGGTCGCGGCTCCCCGTCTGTA
TACAGACGGGGAGCCGCGACCCTGT
TACTTTGTATAGGGAGTTGAAACTCAC
GTGAGTTTCAACTCCCTATACAAAGTA
* ^  CA TGGGCAGTCKÏKGGA TCCC
* U  TGGGGA rCCT ATG ACTGCC 
ACACCTCCCCCTGAACCTGAAACAT*^ 
CATACTGTTGAGCAATTCAC*^ 
GGAATGCAGGANNNN*'’ACTTGTGCTGCCT 
AGGCAGCACAAGTNNNN*'TCCTGCATTCC
Table 4.1 Oligonucleotides used for analysis of the PTV-1 1RES. Sequences 
shown in italicised bold font indicate the restriction sites that were either included or 
present in the sequence and required for subsequent cloning reactions. Nucleotides 
shown in red are those that have been mutated in the primers. Oligonucleotides 
synthesised with a 5’phosphate group. *^Relating to SV2-CAT sequence (Gomian et 
a l, 1982). *^Relating to pGEM-LUC sequence (Promega): EMBL accession 
number X65316. is any nucleotide (A, T, G or C).
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CHAPTER FIVE 
CHARACTERISATION OF THE PORCINE ENTEROVIRUS-8 
(PEV-8) INTERNAL RIBOSOME ENTRY SITE
5.1 Introduction
Porcine enterovirus-8 (PEV-8) has been classified as a member of the Porcine 
enterovirus A species within the Enterovirus genus of the Picornaviridae (Kaku et 
al., 2001). However, recent sequence analysis has revealed genome properties that 
are distinct from the enteroviruses, including the presence of a leader protein at the 
5’ end of the genome and an unusually large 2A protein (Kiumbholz et al, 2002). 
Furthermore, comparisons of the VPl and 3D regions of the PEV-8 genome with 
other picornaviruses has revealed that it is closely related to certain simian 
picornaviruses such as simian virus 2 (SV2), also tentatively assigned to the 
Enterovirus genus (Kiumbholz et a l, 2002; Oberste et a l, 2003). These findings 
have prompted the suggestion that PEV-8, along with some simian picornaviruses 
including SV2, be reassigned to a new genus within the Picornaviridae (Kiumbholz 
et a l, 2002; Oberste et a l, 2003), the Sapeloviridae (Nick Knowles, lAH -  personal 
communication).
Infections with the porcine enteroviruses (PEVs) are widespread, but frequently 
asymptomatic, although they have been associated with outbreaks of diarrhoea in 
pigs. PEVs have been isolated fr om pigs showing signs of mild pneumonia, 
however they are rarely isolated alone and are not believed to be the major cause of 
illness in these cases. Unlike infections with the porcine teschoviruses, no
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neurological diseases have been observed during infection with porcine 
enteroviruses (Derbyshire, 1990),
The sequence for the 5’ UTR of PEV-8 remains incomplete at the 5’ end, however it 
does not show any sequence homology to other enteroviruses and in fact shares 
regions of high identity with the 5’ UTR of PTV-1 (Krumbholz et a l, 2002). 
Alignments of the 3’ end of the 5’ UTR with PTV-1 and SV2 sequences suggest that 
translation initiation occurs at AUG nt 444. As found for PTV-1, the initiation 
codon is not preceded by a polypyrimidine tract (Krumbholz et a l, 2002). The IRES 
element within the PEV-8 5’ UTR has not been characterised, however the apparent 
homology with the PTV-1 5’ UTR suggests that it may contain an unusual 
picornavirus 1RES element that is distinct from class I, II and III picornavirus 1RES 
elements.
5.2 Sequence comparisons of the PEV-8, PTV-1 and HCV 1RES 
elements
Analysis of the nucleotide sequence and initiation factor requirements of PTV-1 has 
suggested that it is sti'ucturally related to the 1RES element of HCV. Preliminary 
sequence comparisons between the 5’ UTRs of PTV-1 and PEV-8 have suggested 
that PEV-8 RNA may contain an 1RES element that is similar to that of PTV-1 and 
quite distinct from other picornavirus 1RES elements. To determine the relationship 
between the PEV-8, PTV-1 and HCV 1RES elements, the 5’ UTR nucleotide 
sequences of these viruses were aligned.
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Figure 5.1 Sequence alignment of the HCV and PEV-8 1RES elements.
Sequences were aligned using clustal W and manually edited using GCG Seqiab. 
Individual domains associated with the HCV and PEV-8 1RES elements are 
indicated above the sequence. Red crosses (x) indicate nucleotides that are predicted 
to be involved in formation of a pseudoknot structure at the 3’ end of the HCV and 
PEV-8 1RES elements. Initiation codons are boxed in blue. Sequence identity is 
48%.
141
CHAPTER FIVE CHARACTERISA TION OF THE PEV-8 1RES
FTV-1
FEV-8
nt'l22K- B H g g t t ^ l a d t t c l t t | |d t t a |c l c c l c t g l H g l c l t g |t c - H g H o  c H | —a d B 9 c a g t |g c f l g g c g |g |t a |g g ^ j [ | | - | t f g - |a d t : |t |antbl9 ..................... ...............egt
FTV-1
FEV-8
igcaccaatgg 
c -------------- t
X X n X X K X X X X X X X X X
FTV-1
FEV-8
FTV-1
FEV-8
FTV-1
FTV-1
FEV-8
t acagtgagctatgggcaaaccccta
x x x x x x x x x x x x x x x
DOMAIN nib
DOMAIN Ilia
IgtgcaattgagacttgagjH B 4 a M c # tg c c c ta # # a c * t# DOMAIN Illetgagatt
tc m g g s -c
DOMAIN Ilia
DOMAIN nib  —.................
DOMAIN llld
lJtaEgSpdtgWagg^”t;gdactggS^t<
D O M A I N  l l ld
X X X  X K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X n t4 l2
DOMAIN Ula
.X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure 5.2 Sequence alignment of the PTV-1 and PEV-8 1RES elements.
Sequences were aligned using clustal W and manually edited using GCG Seqiab. 
Domains associated with the PTV-1 and PEV-8 1RES elements are indicated. Red 
crosses (xj indicate nucleotides that are predicted to be involved in formation of a 
pseudoknot structure at the 3’ end of the PTV-1 and PEV-8 1RES elements. 
Initiation codons are boxed in blue. Sequence identity is 62%.
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5.2.1 Results
The HCV and PTV-1 1RES elements have been suggested to be contained within nt 
44-345 and nt 121-412 of their respective 5’ UTRs (Honda et ah, 1996b; Pisarev et 
ah, 2004). These regions were aligned individually with the 5’ UTR of PEV-8 
(EMBL accession number: AF406813). Sequences were aligned using clustal W and 
manually edited using the GCG 10 Seqiab program.
The alignment between PEV-8 and HCV shows a 48% identity (Figure 5.1) and the 
alignment between PEV-8 and PTV-1 shows a 62% sequence identity (Figure 5.2). 
These values are extiemely high and strongly suggest that str uctures within the HCV 
and PTV-1 1RES elements are also present in the PEV-8 1RES element. Identified 
on the alignments are the individual domains associated with the HCV and PTV-1 
1RES elements and it is clear that corresponding domains exist within the PEV-8 
1RES. Particularly high sequence identity is obvious for domains Hid, Hie and Hlf, 
which are positioned near the 3’ end of the 1RES and are thought to be critical in 
HCV for the interaction of the 1RES with the 40S ribosomal subunit.
Previously, a pseudoknot has been identified at the 3’ end of the flavivirus 1RES 
elements that is essential for 1RES activity and is thought to functionally replace 
initiation factors in the recruitment and positioning of the 40S ribosomal subunit. A 
pseudoknot was subsequently identified at the 3’ end of the PTV-1 1RES (Pisarev et 
a l, 2004) that is very similar in structure to the HCV pseudoknot and essential for 
1RES activity (Section 4.3). The sequence alignments between HCV and PTV-1 
suggest that a similar stiucture is also present within the PEV-8 1RES. Sequences
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Figure 5.3 Secondary structure prediction of the PEV-8 sub-domain Ille and 
pseudoknot. Domains corresponding to HCV domains Hie and Illf are shown. The 
structure proposed is based on secondary structure comparisons with 3’ regions of 
the HCV, CSFV and PTV 1RES elements. The initiation codon is indicated by red 
type.
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believed to be involved in the formation of the PEV-8 pseudoknot are indicated by 
red crosses below the sequences in figures 5.1 and 5.2 and the proposed secondary 
structures of the PEV-8 sub-domain Ille and pseudoknot are shown in figure 5.3.
5.3 Delimitation of the PEV-8 1RES
All picornaviruses identified to date contain an internal ribosome entry site (1RES) in 
their 5’ UTR that is required for initiation of translation of the genome. To confirm 
that the PEV-8 5' UTR contains an 1RES element, dicisti'onic plasmids were 
constiucted that included the entire known PEV-8 5’ UTR inserted between the two 
reporter cistions. 5’ UTR deletions were then performed to determine the minimal 
region of the 5 * UTR required for internal ribosome eiitiy.
5.3.1 Results
PEV-8 RNA was kindly supplied by N. Knowles (lAH, Pirbright). Reverse 
transcription PCR reactions using random primers were performed to create PEV-8 
cDNA (Section 2.2.3). The primers detailed in table 5.1 were then used in a series of 
PCR reactions to generate the full length PEV-8 5’ UTR and a series of tiuncated 5'- 
UTR fragments. The purified PCR fragments were sub-cloned into the pT7-Blue 
vector (Section 2.3.13) before being digested with the BamHI restriction enzyme, the 
recognition site for which was included in the forward and reverse primers. The 
derived PEV-8 5’ UTR fragments were ligated into the BamHI-digested, 
phosphatase-ti'eated pGEM-CAT/fLUC vector (van der Velden et aL, 1995) to create 
a series of pGEM-CAT/PEV8/fLUC reporter plasmids, PEVFL-PEVA4 (Figure 5.4).
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pGC/PEVFL/L 2 2 --------
pGC/PEVA1/L 124
pGC/PEVA2/L  
pGC/PEVA3/L  
pGC/PEVA4/L
3 ’
(nt433)
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177.
238"
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fLUC
Figure 5.4 Structure of the plasmids used to determine the 5’ boundaries of the 
PEV-8 1RES. The cDNA fragments indicated were produced using PCR with the 
primers listed in table 5.1 and inserted into the pGEM-CAT/fLUC vector. 
pGC/PEVFL/L contains almost the entire known 5 ’ UTR of PEV-8 (starting at nt 22 
of the known sequence). The fLUC initiation codon was included in the reporter 
gene, thus the PEV-8 initiation codon was not included in the 5’ UTR fragments.
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In each case, the 3’ border of the PEV-8 cDNA was at nt 433. The initiation codon 
associated with the downstream reporter ORF, fLUC, was placed in an equivalent 
position to the PEV-8 initiation codon. Constructs were screened for the presence 
and orientation of the PEV-8 5’ UTR products by sequencing using the CAT forward 
primer (Table 5.1).
The constructs were initially assayed in vitro using coupled transcription and 
translation (TNT) reactions programmed with 0.5pg DNA and [^^S]-methionine as 
described in section 2.5.4. The translation products were analysed for [^^S]- 
methionine incorporation into CAT and fLUC using 10% SDS-PAGE and 
autoradiography. The pGBM-CAT/fLUC vector that contains no 5’ UTR sequence 
was included as a negative control and the previously described pGEM- 
CAT/PTV/fLUC vector (Kaku et aL, 2002) was included as a positive control.
The TNT reactions clearly demonstr ate that the PEV-8 5’ UTR contains an 1RES 
element that functions efficiently in the in vitt'o rabbit reticulocyte system (RRL) 
(Figure 5.5). Analysis of the PEV-8 5’ UTR deletion constructs suggested that up to 
148 nt (PEVA2) from the 5’ end of the Imown PEV-8 5' UTR can be removed 
without any detrimental effect on the activity of the 1RES in vitro (i.e. the 1RES 
element is contained within 285 nt). Further deletions (PEVA3 and PEVA4) 
completely abrogated 1RES activity as indicated by the loss of expression of the 60.5 
kDa fLUC product. As expected, the pGEM-CAT/fLUC vector that contained no 
intervening 5’ UTR sequence was unable to direct expression of the fLUC ORF. 
Expression of the upstream CAT ORF was similar for each plasmid.
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Figure 5.5 Deletional analysis of the boundaries of the PEV-8 1RES in vitro.
The indicated plasmids (0.5pg) were used to programme TNT reactions containing 
[^■*’S]-methionine. The products were separated by 10% SDS-PAGE and expression 
of CAT and fLUC was analysed by autoradiography. The mobilities of broadrange 
protein markers (NEB) are shown for reference.
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Figure 5.6 Deletional analysis of the boundaries of the PEV-8 1RES in cells. (A)
Dicistronic pGEM-CAT/lRES/LUC plasmids (2.5pg) were used to transfect vTF7-3- 
infected BHK cells and analysed for the expression of CAT (25 kDa) and fLUC 
(60.5 kDa) by 10% SDS-PAGE and immunoblotting. The mobilities of broadrange 
protein markers (NEB) are shown for reference. (B) LUC assays were performed to 
quantify fLUC expression directed by each 5’ UTR-deletion construct after 
transfection into vTF7-3-infected BHK cells. A mean value (+/- S.D.) from three 
transfections was calculated and results were standardised to expression directed by 
the full length 5’ UTR (FL), which was set at 100% activity.
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The PEV-8 deletion constructs were also assayed using transient expression assays 
in vTF7-3-infected baby hamster kidney (BHK) cells ti'ansfected with 2.5pg DNA. 
Protein expression was analysed using 10% SDS-PAGE followed by Western 
blotting (Figure 5.6A). fLUC activity witliin cell extracts was also quantified using 
an enzymatic fLUC assay (Figure 5.6B).
As found in viti^o. Western blotting analysis of fLUC expression in cells indicated 
that a deletion of up to 148 nt (PEVA2) from the 5’ end of the laiown 5’ UTR still 
yields an element that is functional in cells (Figure 5.6A). However, the more 
sensitive fLUC enzyme assay suggests that only a deletion of 124 nt (PEVAl) is 
fully tolerated (Figure 5.6B). Removal of 148 nt decreases the activity of the PEV-8 
1RES to around 40% compared to the frill-length 5’ UTR. Thus, it appears that the 
PEV-8 1RES element is contained within nt 124-433 of the PEV-8 5’ UTR and as 
such is 309 nt in length, similar in size to the HCV and PTV-1 1RES elements.
5.4 Requirement of the PEV-8 1RES for an intact eIF4F initiation 
factor complex in cells
Many picornaviruses encode proteases that are able to cleave the cellular initiation 
factor complex eIF4F, a process that separates the cap-binding and RNA helicase 
activities associated with the eIF4E and eIF4A proteins in the complex. The entero- 
and rhinovirus 2A protease (2A**^ °) is responsible for the cleavage of eIF4F in cells 
infected with these viruses, while the L pro tease (L^‘^ °) of foot-and-mouth disease 
virus (FMDV) perfonns this task in FMDV-infected cells. Cleavage of eIF4F 
inhibits cap-dependent translation, which relies on the simultaneous binding of
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eIF4E, eIF4G and eIF4A at the 5’ cap. PEV-8 encodes both L and 2A proteins, 
however the relationship of these proteins to the active proteases found in other 
picornavimses remains unresolved and thus the extent to which PEV-8 is able to 
inhibit host-cell translation by eIF4F cleavage is unclear. Previous studies have 
indicated that co-expression of the active enterovirus 2A*’’^ ° with dicistronic 
constructs containing most picornavirus 1RES elements has no inhibitory effect on 
their ability to direct translation in cells. Indeed the entero- and rhinovirus 1RES 
elements are stimulated by the co-expression of the 2A^^° in certain cell types 
(Roberts et al, 1998). However, hepatitis A virus (HAV) appears to be the 
exception among the picornaviruses, as it requires an intact eIF4F complex for 
activity (Bonnan and Kean, 1997). To assess the requirement of the PEV-8 1RES for 
an intact eIF4F complex, BHK cells were co-transfected with the previously 
described dicistronic PEV-8 constrocts and the swine vesicular disease vims 
(SVDV) 2A"^°.
5.4.1 Results
The dicisti’onic reporter constiucts (2pg) containing eitlier the full length PEV-8 5’ 
UTR (FL) or the core 1RES element (A1 ; nt 124-433) were transfected into vTF7-3- 
infected BHK cells with or without pGEM-3Z/Jl (0.5pg), which expresses the 
SVDV 2A^^° (Sakoda et al.y 2001). The reporter plasmids pGEM-CAT/fLUC, 
which does not contain an 1RES element, and pGEM-CAT/CB4/LUC that contains 
the Enterovirus coxsackievirus B4 (CB4) 1RES element (Roberts et a l, 1998) were 
assayed in parallel. Samples were analysed for the expression of CAT and fLUC by 
10% SDS-PAGE and Western blotting. LUC assays were also performed to 
accurately quantify fLUC expression within these cell extiacts.
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Figure 5.7 Effect of eIF4F cleavage on PEV-8 1RES activity in cells. (A)
Dicistronic pGEM-CAT/IRES/LUC plasmids (2pg) were co-transfected into vTF7- 
3-infected BHK cells with (+) or without (-) the plasmid pGEM3Z/Jl (0.5pg) that 
expresses the SVDV 2A protease. Cells were analysed for the expression of CAT 
(25 kDa) and fLUC (60.5 kDa) by 10% SDS-PAGE and immunoblotting. The 
mobilities of broadrange protein markers (NEB) are shown for reference. (B) LUC 
assays were performed to quantify fLUC expression after transfection into vTF7-3- 
infected BHK cells. A mean value (+/- S.D.) of three transfections was calculated 
and results were standardised to fLUC expression directed by each 1RES in the 
absence of the 2A protease, which are shown as producing 100% activity.
152
CHAPTER FIVE CHARACTERISATION OF THE PEV-81RES
Western blotting analysis indicates that cap-dependent ti'anslation is severely 
inhibited in the presence of the reflecting a requirement for an intact eIF4F
complex (Figure 5.7A). However, translation directed by the PEV-8 frill length 5’ 
UTR (PEVFL) or core 1RES element (PEVAl) is unaffected by the addition of the 
2A^ ^^ ° to cells (Figure 5.7A and B). This result suggests that like most 
picornaviruses, translation directed by the PEV-8 1RES element does not rely upon 
the cap-binding protein eIF4E, which is unable to bind to picornavirus 1RES 
elements in the presence of the 2A’’^ ‘^ (Ohhiiann et a l, 1995; Ohlmann et al, 1996). 
As seen previously, expression of fLUC directed by the CB4 1RES element was 
enhanced by the addition of 2A^ *^ ° to BHK cells (Roberts et a l, 1998). No 
enhancement in activity was observed for the PEV-8 1RES (Figure 5.7B).
5.5 Requirement of the PEV-8 1RES for eIF4A in vitro and in ceils
In previous chapters it was found that, unusually for a picornavirus 1RES element, 
PTV-1 had no requirement for the eIF4A RNA helicase associated with the eIF4F 
initiation factor complex. In this respect, the PTV-1 1RES element was similar to the 
flavivirus 1RES elements such as that of HCV (Pestova et a l, 1998a) and a 
secondary stiucture model for the PTV-1 1RES element was subsequently developed 
that indicated that it was also structurally similar to the flavivirus 1RES elements 
(Figure 4.10). The sequence comparisons between PEV-8, PTV-1 and HCV 
indicated that these 1RES elements are also related. Thus to assess the similarity 
between PEV-8, PTV-1 and the HCV 1RES elements in terms of initiation factor 
requirements, the effect of inhibitors of eIF4A on the PEV-8 1RES was investigated 
in vitro and in cells.
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5.5.1 Results
The requirement of the PEV-8 core 1RES element (PEVAl) for eIF4A was assessed 
in vitro using the previously described DQAD dominant negative mutant (Section
3.5). lOOng or 250ng of this mutant protein was added to TNT reactions 
programmed with 0.5pg DNA and S]-methionine. The pGEM-CAT/EMCV/LUC
vector (Roberts et a l, 1998) that has previously been shown to require eIF4A for 
activity (Svitkin et a l, 2001) and pGEM-CAT/PTV/fLUC that has no requirement 
for eIF4A (Section 3.5) were assayed in parallel. Expression of CAT and fLUC was 
assessed using 10% SDS-PAGE followed by autoradiography (Figure 5.8A). The 
results show that addition of the DQAD protein to the TNT reactions caused a 
decrease in cap-dependent ti anslation and severely inhibited tianslation directed by 
the EMCV 1RES element. In contrast, fLUC expression directed by the PTV-1 and 
PEV-8 1RES elements were unaffected by the dominant negative mutant, suggesting 
they have no requirement for eIF4A in vitro.
Requirement of the PEV-8 lull length 5’ UTR (PEVFL) and core 1RES element 
(PEVAl : nt 124-433) for eIF4A in vitro was also assessed using a small molecule 
inhibitor of eIF4A kindly supplied by J. Pelletier (McGill University, Canada). TNT 
reactions were programmed with 0.5pg DNA, [^^S]-methionine and the eIF4A 
inhibitor (lOpM). pGEM-CAT/EMCV/fLUC, pGEM-CAT/PTV/fLUC and pGEM- 
CAT/fLUC that contains no 1RES element were assayed in parallel. Expression of 
CAT and fLUC was assessed using 10% SDS-PAGE followed by autoradiography 
(Figure 5.8B). As expected, the presence of the eIF4A inhibitor caused a decrease in 
CAT protein production, indicating an inhibition of cap-dependent translation. An 
inhibition of translation directed by the EMCV 1RES was also observed in the
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Figure 5.8 Effect of inhibitors of eIF4A on the activity of the PEV-8 1RES 
element in vitro. (A) TNT reactions were programmed with 0.5pg DNA and the 
DQAD dominant negative inhibitor of eIF4A as indicated. Products were separated 
by 10% SDS-PAGE and analysed for [^^S]-methionine incorporation into CAT (25 
kDa) and fLUC (60.5 kDa) by autoradiography. (B) The indicated plasmids (0.5pg) 
were used to programme TNT reactions with (+) or without (-) 1 OpM eIF4A 
inhibitor molecule. Products were separated by 10% SDS-PAGE and analysed by 
autoradiography. The mobilities of broadrange protein markers (NEB) are shown for 
reference.
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presence of the eIF4A inhibitor. However, consistent with results obtained using the 
dominant negative mutant of eIF4A, translation directed by the PTV-1 and PEV-8 
1RES elements was unaffected by the eIF4A inhibitor, confirming their lack of 
requirement for eIF4A in viti'o.
The requirement of the PTV-1 1RES for eIF4A in cells was assessed using the small 
molecule inhibitor of eIF4A in transient expression assays in vTF7-3-infected BHK 
cells. Cells were transfected with 2,5 pg pGEM-CAT/PEVFL/fLUC, pGEM- 
CAT/PEVAl/fLUC or pGEM-CAT/EMCV/LUC. Transfected cells were incubated 
for 5 hours before eIF4A inhibitor (0.5 pM) was added. The transfections were 
incubated for a further 10 hours before har vesting. The expression of CAT and 
fLUC was analysed by 10% SDS-PAGE and Western blotting. The LUC assay was 
also used to quantify the effect of the eIF4A inhibitor on 1RES activity.
Addition of the eIF4A inhibitor to cells caused a decrease in cap-dependent 
translation, as indicated by the decreased intensity of the 25 kDa CAT band in figure 
5.9A. The EMCV 1RES was also affected by the eIF4A inhibitor, indicated by a 
severe reduction in fLUC expression and activity (Figure 5.9A and B). However, the 
eIF4A inhibitor had no effect on the ability of the PEV-8 full-length 5’ UTR or core 
1RES element (PEVAl) in cells (Figure 5.9A and B). This result strongly suggests 
that the PEV-8 and PTV-1 1RES elements have the same initiation factor 
requirements and are distinct fi'om other picornavirus 1RES elements.
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Figure 5.9 Effect of an eIF4A inhibitor on the activity of the PEV-8 1RES 
element in cells. (A) Dicistronic pGEM-CAT/IRES/LUC plasmids (2.5pg) were 
used to transfect vTF7-3-infected BHK cells. After 5 hours, 0.5pM eIF4A inhibitor 
was added as required (+) and the cells incubated for a further 10 hours. Cells were 
analysed for the expression of CAT (25 kDa) and fLUC (60.5 kDa) by 10% SDS- 
PAGE and immunoblotting. The mobilities of broadrange protein markers (NEB) 
are shown for reference. (B) LUC assays were performed to quantify fLUC 
expression after transfection into vTF7-3-infected BHK cells. A mean value (+/- 
S.D.) from three transfections was calculated and activity of the 1RES in the 
presence of the eIF4A inhibitor was compared to the activity of each 1RES in the 
absence of the eIF4A inhibitor, which was set at 100% activity.
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5.6 Discussion
The 1RES elements within the picornavirus family are currently divided into three 
classes. These classes are based mainly on secondary structure similarities, but also 
functional properties such as their activity in the in vitro rabbit reticulocyte 
translation system. However, analysis of the PTV-1 1RES in previous chapters 
indicated that a fourth class of 1RES element was present in the picornavirus family 
that appears closely related to the 1RES elements of the Flaviviridae.
Recently, analysis of the PEV-8 genome has led to calls for its reclassification fi'om 
the Enterovirus genus into a new genus within die family, the Sapeloviridae that 
includes a number of simian picornaviruses including SV2. This analysis also 
revealed that the PEV-8 5’ UTR bears more resemblance to the 5’ UTR of PTV-1 
than to the enterovirus 5’ UTRs (Kiumbholz et al^ 2002). This suggested that the 
porcine teschoviruses may not be the only picornaviruses with an unusual 1RES 
element. Thus, to determine the relationship between the PTV-1 and PEV-8 1RES 
elements, the properties of the PEV-8 1RES were investigated.
Both delimitation assays and assessment of initiation factor requirements confirmed 
that the PEV-8 1RES was very similar to the PTV-1 1RES. The PEV-8 1RES was 
found to be contained within a region of around 309 nt of the known 5 ’ UTR (Figure
5.6) and like PTV-1, the PEV-8 1RES has no requirement for any of the eIF4F 
initiation factor complex for tianslation initiation (Figures 5.7, 5.8 and 5.9), which is 
a property shared by the PTV-1 and flavivirus 1RES elements.
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The sequence alignments between PEV-8 and PTV-1 or HCV both showed very 
high sequence identities (Figures 5.1 and 5.2) and indicated that the structures of 
these 1RES elements may be similar. Based on these comparisons, a secondary 
structure model for the PEV-8 1RES element has been developed that reveals a clear 
relationship with the 1RES of PTV-1 (Figure 5.10).
The PEV-8 1RES element appears to be composed of two main domains, termed 
domain II and III based on their similarities with corresponding domains in HCV.
The sti'uctural relationship between these 1RES elements is especially evident at the 
3’ end of the 1RES. Sub-domain Hid forms a continuously base-paired stem-loop 
that presents three unpaired G residues in tlie loop believed to be essential for 1RES 
interaction with the 40S ribosomal subunit (Lukavsky et a l, 2000; Klinck et o/., 
2000). These residues are also thought to be present in an unpaired confonnation in 
the PTV-1 1RES (A. Pisarev, unpublished results). Thus, they may play a critical 
role in PTV-1/PEV-8 1RES interactions with the 40S ribosomal subunit.
Following this sub-domain, a 4 nt CUGG ‘bulge’ is present that is identical to that 
found in PTV-1 and only differs at one position in the corresponding ‘bulge’ in 
HCV. Analysis of this str ucture in PTV-1 has produced no evidence for a role in 
translation. However, its strong conservation among these 1RES elements does 
suggest an important role and compounds the possibility that this element may act as 
a replication signal embedded within the 1RES.
The PEV-8 sub-domain Ille is identical in nt sequence and structure to the HCV sub- 
domain Hie, presenting an unpaired GAUA motif, which in HCV and PTV-1 has
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Figure 5.10 Proposed secondary structure of the PEV-8 1RES. Domains are 
labelled according to corresponding domains in HCV. The structure was predicted 
by comparative sequence analysis with HCV and CSFV published secondary 
structures and using mfold, which was used to predict the most thermodynamically 
favourable structures for domains 11,111a and lllb. A schematic of the HCV 1RES 
secondary structure (inset) is shown for comparison (Martinez-Salas et a i, 2001).
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been found to be critical for 1RES activity, possibly allowing for long-range RNA- 
RNA interactions within the 1RES (Psaridi et a l, 1999; Section 4.4). Following sub- 
domain Ille, a pseudoknot is fonned (Figure 5.3) that is HCV-like in structure and 
probably allows for recruitment of the ribosome at the site of the PEV-8 initiation 
codon. Like PTV-1 and CSFV 1RES elements, but unlike that of HCV, the PEV-8 
1RES does not appear to require coding sequence for optimal translation efficiency 
and no HCV-equivalent domain IV is formed at the 3’ end of the 1RES.
PEV-8 domain II and the apical region of domain III are again similar to those 
predicted for PTV-1. Suiprisingly, sub-domain IIIc is absent fi'om the PEV-8 1RES, 
but unlike PTV-1, sub-domain Ilia is present. The integrity of sub-domain IIIc is 
believed to be essential for HCV 1RES activity and may act in maintenance of 1RES 
tertiary structure (Tang et a l, 1999; Rijnbrand et a l, 2004). The role of sub-domain 
Ilia in tianslation initiation is unclear. An AGUA motif present in HCV and CSFV 
sub-domain Ilia is also present in the PEV-8 sub-domain Ilia, however mutations 
within the CSFV AGUA tetraloop had little effect on translational activity of this 
1RES element (Kolupaeva et a l, 2000b; Fletcher and Jackson, 2002). Sub-domain 
mb consists of a stem-loop structure that is likely to be involved in binding of eIF3, 
as suggested for the corresponding region in HCV (Burrati et a l, 1998).
The results presented in this chapter further confirm the presence of a fourth class of 
1RES element within die picornavirus family and reveal that this class of 1RES 
element is not just present in one genus, rather it occurs in viruses across multiple 
genera of the family. The secondary structure models derived for the PTV-1 and 
PEV-8 1RES elements are both very similar to those proposed for the flavivirus
161
CHAPTER FIVE CHARACTERISATION OF THE PEV-81RES
1RES elements and so suggest that a particular type of 1RES element can occur 
across multiple virus families and in viruses that infect different hosts.
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PRIM ER SEQUENCE (5 ’-3^)
PEVFL Forward 
PEVAl Forward 
PEVÂ2 Forward 
PEVA3 Forward 
PEVA4 Foi"ward 
PEVBHI Reverse 
CAT Forward
CCGGA TCCTTAAGGTGGTTGTATCCCCT A 
GGA rCCACTT AAATGGC AGT AGC 
CCGGA TCCAGCT ATGG AA A A ATGCC A ATT 
GGA TCCATGTT AGCG ACG 
GGA rCCT AG AC AGTG AGCTATGGG 
GGGArCCAACTGACTATAC 
ACACCTCCCCCTGAACCTGAAACAT*'
Table 5.1 Oligonucleotides used for the characterisation of the PEV-8 1RES.
Sequences shown in italicised bold font indicate the restriction sites that were 
included in the sequence and required for subsequent cloning reactions.
Relatmg to SV2-CAT sequence (Gorman et a l, 1982).
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CHAPTER SIX 
CHARACTERISATION OF THE SIMIAN VIRUS 2 (SV2) 
INTERNAL RIBOSOME ENTRY SITE
6.1 Introduction
Simian Virus 2 (SV2) was originally isolated from monkey kidney (MK) cells 
during routine poliomyelitis vaccine testing in 1954 (Hull et a l, 1956). Although it 
was subsequently isolated from monkeys suffering fiom diarrhoea, it does not appear 
to be responsible the production of specific disease in primates (Hoffert et a l, 1958) 
and indeed direct inoculation of monkeys with S V2 produced no evidence of clinical 
illness or histopathological lesions (Hull et a l, 1956).
Initial classification of S Y2 suggested that it be assigned to the Enterovirus genus 
within the Picornaviridae. However, recent nucleotide sequence analysis has 
suggested that only 12 of the 19 recognised simian picornaviruses should be 
classified within the Enterovirus genus. The remaining 7, including SV2, SV16, 
SV18, SV42, SV44, SV45 and SV49 were proposed to belong to a new genus within 
the family, the Sapeloviridae, that also includes PEV-8 (Oberste et a l, 2003; Nick 
Knowles, lAH -  personal communication).
Analysis of the 5’ UTR of SV2 has resulted in the suggestion that the 1RES element 
shares characteristics with the class II picornavirus 1RES elements. A secondary 
structure model has been proposed that indicates that the 1RES is composed of eight
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domains and that translation initiation occurs at AUG nucleotide (nt) 742,18 nt 
downstream of a 16 nt polypyrimidine tract (Oberste et a l, 2003).
Sequence alignments were performed between the 5’ UTRs of PTV-1, PEV-8 and 
SV2 that revealed significant sequence identity. This observation suggested that the 
classification of the 1RES element of SV2 as a picornavirus type II 1RES was 
incorrect and that the authentic initiation codon was at an upstream, in frame AUG 
codon (nt 694). The aim of this study was therefore to experimentally identify the 
coiTect initiation codon for translation initiation of the SV2 polyprotein and assess 
the properties of 1RES element contained within the 5 ’ UTR to determine its 
similarities to other picornavirus 1RES elements.
6.2 Sequence comparisons of the PTV-1, PEV-8 and SV2 1RES 
elements
In earlier chapters, analysis of the nucleotide sequence of PTV-1 and PEV-8 has 
suggested that they may be structurally related to the 1RES element of HCV. A 
secondary structure model for this new class of picornavirus 1RES element has been 
developed and many elements confirmed through mutational analysis. To determine 
the relationship between the 1RES elements of SV2, PTV-1 and PEV-8, the 5’ UTR 
nucleotide sequences of these viruses were aligned.
6.2.1 Results
The 1RES elements of PTV-1 and PEV-8 are contained within nt 121-412 and nt 
124-444 of their respective 5’ UTRs. These regions were aligned individually with
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Figure 6.1 Sequence alignment of the SV2 and PTV-1 1RES elements.
Sequences were aligned using clustal W and manually edited using GCG Seqlab. 
Predicted domains within the PTV-1 and SV2 1RES elements are indicated. Red 
crosses (%) indicate nucleotides that are predicted to be involved in formation of a 
pseudoknot structure at the 3’ end of the SV2 and PTV-11RES elements.
Nucleotides suggested to comprise the polypyrimidine tract are boxed in green. The 
proposed initiation codons are boxed in blue. Sequence identity is 54%.
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Figure 6.2 Sequence alignment of the SV2 and PEV-8 1RES elements.
Sequences were aligned using clustal W and manually edited using GCG Seqlab. 
Predicted domains within the PEV-8 and SV2 1RES elements are indicated. Red 
crosses (jc) indicate nucleotides that are predicted to be involved in formation of a 
pseudoknot structure at the 3’ end of the SV2 and PEV-8 1RES elements. 
Nucleotides suggested to comprise the polypyrimidine tract are boxed in green. The 
proposed initiation codons are boxed in blue. Sequence identity is 65%.
167
CHAPTER S IX  CHARA CTERISA TION OF THE S  V21RES
the 5’ UTR of SV2 (EMBL accession number: AY064708). Sequences were aligned 
using clustal W and manually edited using the GCGIO Seqlab program.
The sequence comparison between PTV-1 and SV2 5’ UTRs is shown in figure 6.1 
and shows a 54% sequence identity between these 1RES elements. The alignment 
between the PEV-8 and SV2 5’ UTRs indicates a 65% identity (Figure 6.2). These 
alignments suggest that certain structures identified within the PTV-1 and PEV-8 
1RES elements, such as the pseudoknot, aie also present within the SV2 1RES. 
Nucleotides that are predicted to be involved in the formation of the SV2 pseudoknot 
are indicated on the individual alignments.
The presence of a polypyrimidine ti act 15-18 nt upstream of the initiation codon is a 
feature assumed common to all picornaviruses. However, studies on PTV-1 and 
PEV-8 1RES elements have revealed that the initiation codons associated with these 
viruses aie not preceded by a polypyrimidine tract. Previous analysis of the SV2 
genome sequence suggested that translation initiation occurred at nt 742 at an in­
frame AUG codon in a favourable Kozak consensus sequence and downstream of a 
polypyrimidine tract (boxed in green in figures 6.1 and 6.2) (Oberste et ah, 2003). 
The sequence alignments between SV2 and PTV-1 or PEV-8 suggest that translation 
initiation actually occurs at AUG nt 694, in agreement with previous 5 ’ UTR 
alignments performed by Krumbholz et al (2002). This codon lies upstream of the 
proposed polypyrimidine tract, but is still in frame and in a favourable Kozak 
consensus sequence.
168
CHAPTER S IX  CHARA CTERISA TION OF THE S  V21RES
6.3 Identification of the authentic initiation codon for SV2 
polyprotein translation
Sequence alignments have suggested that AUG nt 694 and not AUG nt 742 is the 
authentic initiation codon for SV2 polyprotein tianslation. To confirm utilisation of 
this initiation codon, reporter vectors were constiucted that allowed for the 
identification of the correct translational start site in viti'-o and in cells.
6.3.1 Results
To determine which of the two potential initiation codons was used by SV2 for 
translation initiation in vitro, two dicistronic pGEM-CAT/SV2 5’ UTR/fLUC 
reporter vectors were constiucted (Figure 6.3). The first (SV2S) contained neither of 
the potential SV2 initiation codons (AUG nt 694 and AUG nt 742) and thus 
initiation of tianslation of the downstream fLUC reporter ORF could only occur 
using the initiation codon associated with fLUC. In these constructs, the fLUC 
initiation codon was positioned in an equivalent position to AUG nt 694 at the 3 ’ end 
of the SV2 5’ UTR. The second reporter vector (SV2L) contained both AUG nt 694 
and AUG nt 742, as well as the initiation codon associated with fLUC. The S V2 
initiation codons were placed in frame with the fLUC initiation codon. If translation 
occurs at nt 694 the SV2L reporter vector would be expected to produce an fLUC 
protein product with an N-terminal extension that would be 62.5 kDa in size, 
compared to 60.5 kDa if ti anslation occurred at nt 742.
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AUG AUG 
nt 694 nt 742
SV2 5 ’ UTR
SV2 For SV2 S Rev
SV2 L Rev
AUG—►/LUC
CAT SV2 5 ’ UTR fLUC/AfLUC SV2 S
nt685
AUG AUG 
nt694 nt742 AUG
1 '
CAT 1 SV2 5' UTR fLUC/AfLUC SV2 L
nt 746
Figure 6.3 Construction of short (S) and long (L) SV2 5’ UTR constructs. SV2
cDNA was amplified with the forward primer that primed from nt 10 of the known 
5’ UTR, and a reverse primer. The S reverse primer primed upstream of AUG nt 
694, such that the resulting SV2 5’ UTR lacked any potential initiation codons. The 
L reverse primer primed downstream of AUG nt 742 such that the resulting SV2 5’ 
UTR contained the two potential initiation codons. Both fragments were inserted 
into pGEM-CAT/fLUC, producing SV2S that contains only the fLUC initiation 
codon, or SV2L that contains 3 potential initiation codons. Red arrows indicate the 
size of fLUC protein expected if AUG nt 694 is the authentic initiation codon, as 
indicated by sequence comparisons. For efficient analysis in cells, the fLUC protein 
was truncated by removing 440 aa (AfLUC). All primers are listed in table 6.1 and 
contain a BamHl restriction site for cloning.
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For vector construction, the entire known SV2 5" UTR (kindly provided by S. 
Oberste, CDC) was amplified using the primers SV2FL Forward and either SV2S 
Reverse or SV2L Reverse, that each contained restriction sites for
subsequent cloning reactions (Table 6.1). PCR products were purified using LMP 
agarose gel electrophoresis and sub-cloned into the pT7-blue blunt vector (Section 
2.3.13). BamHI digests were performed to remove the SV2 S or L 5’ UTRs from 
pT7-Blue. These fragments were then inserted into the 5fl«7/7/-linearised, 
phosphatase treated pGBM-CAT/fLUC vector (van der Velden et a l, 1995). Final 
constiucts were sequenced using the CAT Forward primer (Table 6.1) to confirm the 
orientation of the 5’ UTR and the presence or absence of the two required SV2 AUG 
codons and the fLUC initiation codon.
Constructs were assayed in vitro using coupled transcription and translation (TNT) 
reactions programmed with 0.5pg DNA and [^^S]-methionine (Section 2.5.4). For 
comparison, the previously constructed reporter vector pGEM-CAT/PTV/fLUC 
(Kaku et a l, 2002) was assayed in parallel. Reactions were separated using 10% 
SDS-PAGE followed by autoradiography (Figure 6.4A). This experiment indicated 
that the fLUC protein product made by SV2L is larger than that produced by SV2S 
and pGEM-CAT/PTV/fLUC in vitro, suggesting that translation initiation is 
occurring at nt 694 as expected. However, a clear distinction between these proteins 
is difficult due to their large size. To more clearly observe the start site utilisation in 
cells, 440 amino acids (aa) of the fLUC ORF was removed from each reporter 
construct. The reduced size of the protein was expected to ease the distinction 
between fLUC protein products produced fiom SV2S and SV2L.
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Figure 6.4 Determination of the authentic initiation codon for SV2 translation.
(A) In vitro TNT reactions were programmed with [^^S]-methionine and 0.5pg 
pGEM-CAT/SV2S/fLUC, pGEM-CAT/SV2L/fLUC (Figure 6.3) or pGEM- 
CAT/PTV/fLUC. The products were separated by 10% SDS-PAGE and expression 
of CAT and fLUC analysed by autoradiography. The mobilities of broadrange 
protein markers (NEB) are shown for reference. (B) The indicated plasmids (2.5pg) 
were assayed using transient expression assays in vTF7-3-infected BHK cells. To 
more clearly observe a difference in the sizes of the proteins produced, 440 aa were 
deleted from the fLUC ORF, while the reading frame was maintained. The resulting 
AfLUC proteins were 15.1 kDa (S and PTV) and 16.8 kDa (L) in size. Products 
were separated using 12% SDS-PAGE and analysed for the expression of AfLUC by 
Western blotting.
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SV2 S, SV2 L and pGEM-CAT/PTV/fLUC were digested with the restiiction 
enzymes Xbal and Clal to remove 1316 nt of the fLUC ORF. The vector was treated 
with the Klenow fragment of DNA polymerase I to create blunt ends before being 
gel-purified and religated. The resulting vectors were named CAT/S V2S/AfLUC, 
CAT/SV2L/AfLUC or CAT/PTV/AfLUC (Figure 6.3). The reading frame between 
the fLUC initiation and termination codons was maintained.
The dicistronic AfLUC vectors were assayed using transient expression assays in 
vTF7-3-infected BHK cells. Cells were transfected with 2.5pg plasmid DNA and 
incubated for 20 hours before being harvested. Products were separated using 12% 
SDS-PAGE and analysed for the expression of CAT and AfLUC by Western blotting 
(Figure 6.4B). The increased size of the AfLUC protein produced from SV2L 
constiucts (16.8 kDa) compared to that produced from SV2S and PTV constructs 
(15.1 kDa) demonstrates that AUG nt 694 is the authentic initiation codon in cells. 
However, it is interesting to note that there is a clear decrease in production of the 
fLUC protein fr om SV2S constiucts that suggests that sequences between nt 694 and 
742 may be necessary for optimal translation directed by the 1RES contained within 
the SV2 5’ UTR.
6.4 Requirement of the SV2 1RES for downstream protein coding 
sequences
During initiation codon analysis it became clear that although nt 694 is the authentic 
initiation codon, removal of downstr eam sequences had a detiimental effect on 1RES 
activity in cells, as indicated by the reduction in luciferase expression directed by the
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SV2S construct (Figure 6.4B). Thus, it appears that unlike PEV-8 and PTV-1 1RES 
elements, but consistent with the HCV 1RES, the SV2 1RES requires coding 
sequences for maximal translation efficiency.
6.4.1 Results
To quantify the effect of removal of sequences downsti eam of the initiation codon 
on SV2 1RES activity in cells, the previously constructed SV2L and SV2S constructs 
(2.5pg) were transfected separately into vTF7-3-infected BHK cells. These 
constructs contained the full luciferase coding sequence to allow for quantitative 
analysis of fLUC production. After 20 hours, cells were harvested and luciferase 
production quantified using the enzymatic LUC assay (Section 2.5.5).
The activity of the 1RES in the absence of downstream protein coding sequence is 
significantly compromised, as suggested by both Western blotting analysis (Figure 
6.4B) and quantitative LUC assays (Figure 6.5). These results suggest that SV2 
requires a certain amount of protein coding sequence for optimal translational 
activity. This requirement has previously been noted for the HCV and GBV-B 1RES 
elements, but not the closely related CSFV 1RES (Honda et a l, 1996a). The coding 
sequence in HCV has been predicted to be involved in the fomiation of domain IV, a 
relatively unstable stem loop structure that includes nucleotides before and after the 
initiation codon. This structure does not appear to be directly involved in 40S 
ribosomal subunit recruitment to the HCV 1RES, but must ‘melt’ to allow the 
recruited ribosome access to the initiation codon and downstream coding sequences.
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SV2 5* UTR
Figure 6.5 Analysis of the SV2 1RES coding sequence requirement in cells.
LUC assays were performed on BHK cell lysates transiently expressing the SV2L or 
SV2S constructs. These constructs contained the entire fLUC ORF. Results were 
expressed as a percentage of the SV2L construct, which is shown as producing 100% 
activity. A mean value (+/- S.D) from three separate transfections was calculated.
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Using mfold (Zucker, 2003), a structure similar to HCV domain IV can be predicted 
to form at the 3’ end of the SV2 1RES. Figure 6.6 shows the stiuctural prediction for 
SV2 domain Ille, the pseudoknot and domain IV. In SV2, domain IV is predicted to 
comprise 7 nt of coding sequence that are involved in formation of a continuous 
stem-loop sti'ucture. This structure is predicted to have a thermodynamic stability 
(AG) value of -8.5 kcal/mole, thus could be expected to be able to ‘melt’ to allow 
ribosome access to the initiation codon.
6.5 Delimitation of the SV2 1RES element
Studies to identity the authentic initiation codon of SV2 have revealed that the 5’ 
UTR contains an 1RES element that is able to direct translation of a downstream 
reporter ORF when in the context of a dicistronic vector. These studies have also 
revealed that although translation initiation occurs at nt 694, the 3 ’ boundaiy of the 
1RES lies at least 7 nt downstieam of the initiation codon. To determine the 5’ 1RES 
boundary, delimitation assays were performed that involved sequential deletions 
from the 5’ end of the known SV2 5’ UTR.
6.5.1 Results
The limits of the 1RES were defined by creating a series of deletions from the 5’ end 
of the known SV2 5’ UTR (Figure 6.7). For the puipose of these and the following 
studies, protein-coding sequences were included, which have previously been shown 
to be required for maximal 1RES efficiency. Thus, the SV2L reverse primer was 
used in combination with the forward primer (Table 6.1) to create a series of PCR 
fr agments that contained SV2 5’ UTR sequence up to nt 746. SV2 cDNA, provided 
by S. Oberste (CDC), was used as a template for these reactions. The purified PCR
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Figure 6.6 Secondary structure prediction of the SV2 pseudoknot and stem IV.
Domains corresponding to HCV domains Ille, lllf and IV are shown. The structure 
proposed is based on secondary structure comparisons with 3’ regions of the HCV, 
CSFV and PTV 1RES elements. Domain IV was predicted using mfold and is 
predicted to have a thermodynamic stability (AG) o f-8.5 kcal/mole. The initiation 
codon is indicated by red type.
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fragments were sub-cloned into the pT7-Blue vector before being digested with the 
BamHI restriction enzyme, the recognition site for which was included in the 
forward and reverse primers. The derived SV2 5’ UTR fragments were then ligated 
into the 5«fwi77-digested, phosphatase-tieated pGEM-CAT/fLUC vector to create a 
series ofpGEM-CAT/SV2/fLUC reporter plasmids, SV2FL-SV2A6 (Figure 6.7). 
Constructs were screened for the presence and orientation of the SV2 5’ UTR 
products by restriction digestion.
The constructs were initially assayed in vitro using TNT reactions programmed with 
0.5j.ig DNA and [^^S]-methionine as described in section 2.5.4. The translation 
products were analysed using a 10% SDS-PAGE gel and autoradiography. It is clear 
that removal of up to 285 nt from the 5’ end of the known 5’ UTR (SV2A3) had no 
effect on the activity of the SV2 1RES in vitro (Figure 6.8). Removal of 326 nt 
(SV2A4) severely reduced the activity of the 1RES in this system, as indicated by the 
decreased intensity of the 60.5 kDa fLUC band. Further deletions completely 
abrogated SV2 1RES activity in vitro.
The deletion constiucts were also analysed using tiansient expression assays in 
vTF7-3-infected BHK cells. After 20 hours, cells were harvested and protein 
expression analysed using 10% SDS-PAGE followed by Western blotting (Figure 
6.9A). fLUC activity within cell extracts was also quantified using an enzymatic 
fLUC assay (Figure 6.9B). These results indicated that a loss of 253 nt (SV2A2) 
from the 5’ end of the known 5’ UTR had little effect on the 1RES activity in cells. 
Removal of 285 nt (SV2A3) reduced the activity of the SV2 1RES to around 60% 
compared to the full length 5 ’ UTR. Removal of these nucleotides may reflect a
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Figure 6.7 Structure of the plasmids used to determine the 5’ boundaries of the 
SV2 1RES. The cDNA fragments indicated were produced using PCR with the 
primers listed in table 6.1 and inserted into the pGEM-CAT/fLUC vector. 
pGC/SV2FL/L contains almost the entire known 5’ UTR of SV2. All 5’ UTR 
fragments terminated at nt 746 and therefore contained SV2 coding sequence 
previously found necessary for optimal 1RES activity. The initiation codon at AUG 
nt 694 and a downstream, in frame AUG codon (AUG nt 742) are indicated by black 
arrows.
179
CHAPTER S IX  CHARA CTERISA TION OF THE S  V21RES
largely tolerated deletion into domain II of the SV2 1RES that has previously been 
noted for the HCV and PTV-1 1RES elements (Honda et a l, 1999; Pisarev et al., 
2004). Loss of 326 nt (SV2A4) from the 5’ end of the 5’ UTR completely abrogated 
SV2 1RES activity in cells.
The delimitation assays suggest that the 5’ boundary of the SV2 1RES element lies 
near nt 285. Thus, the 1RES element is contained within a region of around 409 nt of 
the 5’ UTR plus a portion of the coding sequence, and as such is considerably larger 
than the 1RES elements associated with PTV-1 and PEV-8. However, sequence 
comparisons suggest that despite its larger size, SV2 is structurally related to these 
1RES elements and is distinct fr om picornavirus class I, II and III 1RES elements,
6.6 Requirement of the SV2 1RES element for an intact eIF4F 
initiation factor complex in cells
Previous studies using the PTV-1 and PEV-8 1RES elements have suggested that like 
most picornavirus 1RES elements, they have no requirement for the eIF4E 
component of the eIF4F initiation factor complex in cells. Thus, the activity of the 
core SV2 1RES element was assessed in the presence of the 2A protease (2A^ ^^ °) in 
cells. As described previously, 2A^ *^ ° cleaves the eIF4G component of eIF4F, 
separating the cap-binding activity associated with eIF4E from the RNA helicase 
activity associated with eIF4A. Previously, the hepatitis A virus (HAV) 1RES 
element has been shown to be inhibited by co-expression of 2A^ ^^ ° in cells, reflecting 
a requirement for an intact eIF4F complex (Borman and Kean, 1997). Class I 
picornavirus 1RES elements appeal' to be stimulated by 2A'’’^ ° in certain cell types
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Figure 6.8 Deletional analysis of the boundaries of the SV2 1RES in vitro. The
indicated plasmids (0.5pg) were used to programme TNT reactions containing [^ S^]- 
methionine. The products were separated by 10% SDS-PAGE and expression of 
CAT and fLUC was analysed by autoradiography. The mobilities of broadrange 
protein markers (NEB) are shown for reference.
181
CHAPTER SIX CHAR.4CTERISA TION OF THE SV2 1RES
U_
>CO
<
>CO
CM<
CM>CO
CO<
CM>CO
<
CM>CO
If )<
CM>CO
CD<
CM>CO
Ü=)
§
Q .
g
Û
62
47.5
32.5
25
fLUC
CAT
B
Ü  80
« 40
SV 2FL  SV 2A1 SV 2A 2 SV 2A 3 SV 2A 4 S V 2 a 5 S V 2 a 6
SV2 5' UTR Deletions
Figure 6.9 Deletional analysis of the boundaries of the SV2 1RES in cells. (A)
Dicistronic pGEM-CAT/IRES/LUC plasmids (2.5pg) were used to transfect vTF7-3- 
infected BHK cells and analysed for the expression of CAT (25 kDa) and fLUC 
(60.5 kDa) by 10% SDS-PAGE and immunoblotting. The mobilities of broadrange 
protein markers (NEB) are shown for reference. (B) LUC assays were performed to 
quantify fLUC expression directed by each 5’ UTR-deletion construct after 
transfection into vTF7-3-infected BHK cells. A mean value (+/- S.D.) from three 
transfections was calculated and results were standardised to expression directed by 
the full length 5’ UTR (FL), which is shown as producing 100% activity.
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including BHK cells, while it has no effect on class II picornavirus 1RES elements 
or the 1RES element of PTV-1 or PEV-8 (Roberts et al, 1998; Kaku et a l, 2002).
6.6.1 Results
The dicistronic reporter constiucts (2pg) containing either the full length SV2 5’ 
UTR (FL) or the core 1RES element (A2; nt 253-746) were tiansfected into vTF7-3- 
infected BHK cells with or without pGEM“3Z/Jl (0.5pg). pGEM-3Z/Jl expresses, 
fioni a T7 promoter, the swine vesicular disease virus (SVDV) 2A^‘^ ° (Sakoda et al, 
2001). The reporter plasmids pGEM-CAT/fLUC, which does not contain an 1RES 
element, and pGEM-CAT/CB4/LUC that contains the Enterovirus coxsackievirus 
B4 (CB4) 1RES element (Roberts et a l, 1998) were assayed in parallel. Samples 
were analysed for the expression of CAT and fLUC by 10% SDS-PAGE and 
Western blotting. LUC assays were also performed to quantify the fLUC activity 
within these cell extracts.
Expression of 2A‘"’^ ° in cells inhibited cap-dependent tianslation and thus prevented 
production of the upsti eam CAT protein, reflecting the requirement of cap- 
dependent translation for an intact eIF4F complex (Figure 6.10A). However, 2A*’^ ° 
did not inhibit the activity of the CB4 1RES element and instead enhanced its ability 
to direct translation of the fLUC ORF as shown previously (Roberts et a l, 1998). 
Expression of 2 A^ *^ ° had no significant effect on the activity of the full S V2 5 ’ UTR 
(nt 15-746) or the core SV2 1RES element (SV2A2) in BHK cells as indicated by 
Western blotting (Figure 6.10A) and LUC assays (Figure 6.10B).
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Figure 6.10 Effect of eIF4F cleavage on SV2 1RES activity in cells. (A)
Dicistronic pGEM-CAT/IRES/LUC plasmids (2pg) were co-transfected into vTF7- 
3-infected BHK cells with (+) or without (-) the plasmid pGEM3Z/Jl (0.5pg) that 
expresses the SVDV 2 A protease. Cells were analysed for the expression of CAT 
(25 kDa) and fLUC (60.5 kDa) by 10% SDS-PAGE and immunoblotting. The 
mobilities of broadrange protein markers (NEB) are shown for reference. (B) LUC 
assays were performed to quantify fLUC expression after transfection into vTF7-3- 
infected BHK cells. A mean value (+/- S.D.) of three transfections was calculated 
and results were standardised to fLUC expression directed by each 1RES in the 
absence of the 2 A protease, which are shown as producing 100% activity.
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These results suggest that the S V2 1RES element can function in the presence of a 
cleaved eIF4F complex in cells and has no requirement for the cap-binding protein 
eIF4E. Unlike the class I picornavirus 1RES elements, the SV2 1RES was not 
stimulated by the co-expression of the The core 1RES element of ar ound 440
nt retains the characteristics of the full 5’ UTR and constitutes a functional 1RES 
element that is similar in its response to 2A’ °^ to the class II picornavirus 1RES 
elements and the 1RES elements of PTV-1 and PEV-8.
6.7 Requirement of the SV2 1RES for eIF4A in vitro and in ceils
To detemiine the similarities of the SV2 1RES element to the 1RES elements of 
PTV-1, PEV-8 and the flaviviruses, the requirement for the eIF4A component of 
eIF4F was assessed in vitro and in cells. eIF4A is required by nearly all the 
picornavirus 1RES elements identified to date, however, PTV-1 and PEV-8 have 
proved unusual as they have no requirement for this protein, or indeed any of the 
eIF4F initiation factor complex for translation initiation. In this respect, these 
picornavirus 1RES elements closely resemble the flavivirus 1RES elements, which 
have also been shown to have no requirement for eIF4F for translation initiation.
6.7.1 Results
The requirement of the SV2 full-length 5’ UTR (SV2FL) and core 1RES element 
(SV2A2) for eIF4A was assessed in vitro using the previously described DQAD 
dominant negative mutant (Section 3.5). 1 OOng or 250ng of this mutant protein was 
directly added to TNT reactions programmed with 0.5|.ig DNA and [^^S]-methionine. 
The pGEM-CAT/EMCV/LUC vector (Roberts et a/., 1998), which contains a 
cardiovirus 1RES element, was included as a positive control for the action of the
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Figure 6.11 Effect of inhibitors of eIF4A on the activity of the SV2 1RES 
element in vitro. (A) TNT reactions were programmed with O.Spg DNA, and the 
DQAD dominant negative inhibitor of eIF4A as indicated. Products were separated 
by 10% SDS-PAGE and analysed for ['^S]-methionine incorporation into CAT (25 
kDa) and fLUC (60.5 kDa) by autoradiography. (B) The indicated plasmids (0.5pg) 
were used to programme TNT reactions with (+) or without (-) lOpM elF4A 
inhibitor molecule. Products were separated by 10% SDS-PAGE and analysed by 
autoradiography. The mobilities of the broadrange protein markers (NEB) are 
shown for reference.
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DQAD mutant on picornavirus 1RES activity. pGEM-CAT/PTV/fLUC was also 
assayed as this 1RES element has previously been shown to have no requirement for 
eIF4A in vitro or in cells (Section 3.5). Expression of CAT and fLUC was assessed 
using 10% SDS-PAGE followed by autoradiography (Figure 6.11 A). The results 
show that addition of 1 OOng and 250ng of DQAD protein to the TNT system lead to 
a dose-dependent decrease in cap-dependent ti anslation and severely inhibited 
translation directed by the EMCV 1RES element. In contrast, fLUC expression 
directed by the PTV-1 and SV2 1RES elements was unaffected by the dominant 
negative mutant, suggesting they have no requirement for eIF4A in vitro.
Requirement of the SV2 1RES for eIF4A in vitro was also assessed using a small 
molecule inhibitor of eIF4A kindly supplied by J. Pelletier (McGill University, 
Canada). TNT reactions were programmed with 0.5pg DNA, [^^S]-methionine and 
lOpM eIF4A inhibitor. Protein expression was assessed using 10% SDS-PAGE 
followed by autoradiography (Figure 6.1 IB). The presence of the inhibitor blocked 
cap-dependent translation, as indicated by a decrease in CAT protein production. 
Similarly, an inhibition of translation directed by the EMCV 1RES was also observed 
in the presence of the eIF4A inhibitor. However, consistent with results obtained 
using the dominant negative mutant of eIF4A, translation directed by the PTV-1 and 
SV2 1RES elements was unaffected, confirming their lack of requirement for eIF4A 
in vitro.
The requirement of the SV2 1RES for eIF4A in cells was assessed using transient 
expression assays in vTF7-3-infected BHK cells. Cells were transfected with 2.5pg 
pGEM-CAT/SV2FL/fLUC or pGEM-CAT/SV2A2/fLUC. pGEM- CAT/EMCV/LUC
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Figure 6.12 Effect of an elF4A inhibitor on the activity of the SV2 1RES 
element in cells. (A) Dicistronic pGEM-CAT/IRES/LUC plasmids (2.5pg) were 
used to transfect vTF7-3-infected BHK cells. After 5 hours, 0.5pM eIF4A inhibitor 
was added as required (+) and the cells incubated for a further 10 hours. Cells were 
analysed for the expression of CAT (25 kDa) and fLUC (60.5 kDa) by 10% SDS- 
PAGE and immunoblotting. The mobilities of the broadrange protein markers 
(NEB) are shown for reference. (B) LUC assays were performed to quantify fLUC 
expression after transfection into vTF7-3-infected BHK cells. Activity of the 1RES 
in the presence of the eIF4A inhibitor was compared to activity of each 1RES in the 
absence of the eIF4A inhibitor, which is shown as producing 100% activity. A mean 
value (+/- S.D.) from three transfections was calculated.
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and pGEM-CAT/PTV/fLUC were assayed in parallel. Transfected cells were 
incubated for 5 hours at 37®C to allow uninhibited translation of capped mRNAs. 
eIF4A inhibitor (0.5pM) was then added to dishes as appropriate and the 
transfections incubated for a further 10 hours before harvesting.
The expression of CAT and fLUC was analysed by 10% SDS-PAGE and Western 
blotting. The enzymatic fLUC assay was also used to quantify fLUC activity in the 
presence or absence of the eIF4A inhibitor
Cap-dependent translation was severely inhibited by the addition of the eIF4A 
inhibitor to cells, as indicated by the loss of the 25 kDa CAT band in figure 6.12A. 
The EMCV 1RES was also affected by the eIF4A inhibitor, indicated by a severe 
reduction in fLUC expression directed by this 1RES element (Figure 6.12A and B). 
However, the eIF4A inhibitor had little effect on the ability of the PTV-1 1RES, SV2 
full length 5’ UTR or core SV2 1RES element to direct translation of the fLUC ORF 
in cells (Figure 6.12A and B). This suggests that the SV2 1RES shares properties 
with the 1RES elements of flaviruses and the picornaviruses PTV-1 and PEV-8, but 
is quite distinct fiom other picornavirus 1RES elements, which all require eIF4A for 
activity.
6.8 Discussion
Previously, analysis of the SV2 5’ UTR yielded a secondary stmcture model of the 
1RES element that contained eight domains and a polypyiimidine tract located 15 nt 
upstream of the proposed initiation codon (AUG nt 742). Thus, it was suggested that 
SV2 contained a picornavirus class II 1RES element (Oberste et al., 2003). Indeed,
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delimitation assays have shown that the 1RES is contained within a region of around 
409 nt of the 5’ UTR plus a portion of coding sequence (Figure 6.9), which is similar 
in size to the class II picornavirus 1RES elements. However, sequence comparisons 
with the previously characterised PTV-1 (Figure 6.1) and PEV-8 (Figure 6.2) 1RES 
elements have suggested that the SV2 1RES has several structural features in 
common with this new type of picornavims 1RES element Using comparisons with 
the secondary structure models developed for PTV-1, PEV-8 and HCV, in 
conjunction with RNA structure prediction software (mfold) (Zucker, 2003), a 
secondary structure model for the SV2 1RES element has been developed (Figure 
6.13).
As predicted in the PTV-1 and PEV-8 1RES elements, a GBV-B-like sub-domain 
Hid is present near the 3’ end of the 1RES that contains a terminal loop presenting 3 
unpaired G residues. These residues have been shown to be critical for flavivims 
1RES activity (Jubin et a l, 2000) and have been suggested to be involved in long- 
range RNA-RNA interactions within the 1RES or direct interactions with the 
ribosome (Jubin et aL, 2000). At the 3’ end of sub-domain Hid, a 5 nt bulge is 
predicted. A similar structure containing 4 nt has been identified in the PTV-1, 
PEV-8 and flavivirus 1RES elements. However, analysis of this structure in PTV-1 
has suggested that it is not required for 1RES activity. A precise role for this region 
in the viral lifecycle remains to be elucidated (Section 4.5).
Sub-domain Hie of the SV2 1RES is predicted to be identical to the PTV-1 sub- 
domain Hie. The Hie tetraloop has previously been found to be critical for activity 
of the HCV (Psaridi et a l, 1999; Lukavsky et al, 2000) and PTV-1 (Section 4.4)
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Figure 6.13 Proposed secondary structure of the SV2 1RES. Domains are 
labelled according to corresponding domains in HCV. The structure was predicted 
by comparative sequence analysis with HCV and CSFV published secondary 
structures and using mfold, which was used to predict the most thermodynamically 
favourable structures for domains II, Ilia, I lib and IV.
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1RES elements and probably allows these 1RES elements to adopt the appropriate 
tertiary conformations for ribosome recruitment. Adjacent to sub-domain Hie, a 
pseudoknot is predicted that is HCV-Iike in stiucture and therefore likely to be 
critical for the correct placement of the ribosome on the 1RES, substituting for the 
classical initiation factors required for this process in poliovirus (PV) or foot-and- 
mouth disease virus (FMDV) translation initiation.
The apical region of domain HI was predicted using mfold to consist of sub-domains 
Hla and HIb. A sub-domain HIc is lacking, as found previously in the PEV-8 1RES 
(Figure 5.10). Analysis of the HCV 1RES has shown that sub-domains HIb and HIc 
are required for interaction with eIF3 (Pestova et a l, 1998a; Sizova et a l, 1998).
The role of sub-domain Hla in this process is still unclear (Kieft et a l, 2001 ; Spahn 
et a l, 2001). Further analysis of the interaction of SV2 sub-domains Hla and HIb 
with cellular proteins would prove useful in detennining a role for the apical region 
of domain HI in SV2 translation initiation.
Delimitation assays have suggested that the SV2 1RES is considerably larger than 
the PTV-1, PEV-8 and HCV 1RES elements. These ‘extra’ nt appear to be involved 
in SV2 domain II, which was predicted by mfold to be a highly stiuctured region of 
the 1RES (Figure 6.13). HCV domain II is not believed to be required for IRES-40S 
ribosomal subunit affinity, but is responsible for the induction of a conformational 
change in the bound 40S subunit that is necessary for tr anslation initiation 
(Lukavsky et a l, 2000; Spahn et a l, 2001). The extra structures present in SV2
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domain II may suggest that this region is more directly involved in determining the 
interaction of the SV2 1RES with the 40S subunit.
The initiation factor requirements of the SV2 1RES were also found to be identical to 
those associated with the PTV-1, PEV-8 and flavivirus 1RES elements, and quite 
distinct flom those associated with the class I, II and III picornavirus 1RES elements. 
Co-ti ansfection of the enterovirus 2A*’^ ° with the dicistronic plasmids containing the 
SV2 1RES element had no effect on the ability of the SV2 1RES to direct tr anslation 
of the downstream reporter ORF in cells (Figure 6.10), suggesting that like most 
picornavirus 1RES elements, the SV2 1RES has no requirement for eIF4E in cells. 
Use of a dominant negative inhibitor of eIF4A and a small molecule inhibitor of 
eIF4A both in vitt'o and in cells indicated that this 1RES also has no requirement for 
the initiation factor eIF4A (Figures 6.11 and 6.12). This result contrasts to findings 
for class I, II and III picornavirus 1RES elements, which all require eIF4A for 
activity, but is identical to results previously obtained using the PTV-1 (Section 3.5), 
PEV-8 (Section 5.5) and HCV (Kolupaeva et a l, 2000a) 1RES elements. These 
results support the conclusion that SV2 does not contain a picornavirus class II 1RES 
element, but contains a more unusual 1RES element, identical in properties to those 
found in PTV-1 and PEV-8.
The major difference between the SV2 1RES element and those of PTV-1 and PEV-8 
is the requirement for protein coding sequences. Analysis of the authentic initiation 
codon indicated that initiation of SV2 translation occurred at nt 694 and not at a 
downstream AUG codon (nt 742) as previously suggested. However, removal of 
any sequences downsti eam of nt 694 had a severe effect on the activity of the SV2
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1RES, reducing activity by around 80% compared to translation directed by the 1RES 
constructs that included protein coding sequences (Figure 6.5). A similar 
observation has previously been noted for HCV and GBV-B (Honda ef a l, 1996a; 
Rijnbrand et a l, 2001), which led to the prediction of a domain IV at the 3’ end of 
these 1RES elements that involved the initiation codon and coding sequences (Honda 
et a l, 1996a). HCV domain IV is a relatively unstable stem loop structure and any 
increase in stability is inhibitory to translation directed by the 1RES (Reynolds et a l, 
1995; Honda et a l, 1996a). A role in ribosome recruitment has not been 
demonstrated for domain IV in HCV, however the requirement for an unstable 
structure suggests that it must be able to ‘melt’ to allow the bound ribosome access 
to the initiation codon. It has been suggested that domain IV is not absolutely 
required for translation initiation, but may be present to enhance the ability of the 
virus to produce a persistent infection. One proposal suggests that during infection, 
newly synthesised viral proteins are able to bind to and stabilise domain IV, 
decreasing levels of HCV genome tianslation (Honda et al, 1996a).
Using mfold, a structure similar to HCV domain IV was predicted at the 3’ end of 
the SV2 1RES (Figure 6.6). This structure has a thermodynamic stability (AG) of 
-8.5 kcal/mole and could be expected to melt in the same way as has been proposed 
for HCV. There is little information regarding the lifecycle of SV2, however it has 
been isolated frequently from monkeys in captivity, without being linked to the 
production of a specific disease or significant induction of antibodies (Hoffert et a l , 
1958). Thus, it appears that the virus can produce a low-grade infection that remains 
undetected by the hosts’ immune system. If the HCV and SV2 domain IV regions
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are functionally equivalent, it could be suggested that domain IV allows SV2 to 
down regulate translation and maintain a persistent infection within the host.
To assess further the role of domain IV in SV2 translation initiation, mfold was used 
to predict the stiucture formed around the initiation codon when the SV2 1RES is 
fused directly to the luciferase ORF. Translation directed by the 1RES in these 
constructs was found to be severely compromised (Figure 6.5) and one possibility is 
that the stiucture in these constiucts would be too stable to ‘melt’ for ribosomal 
access to the initiation codon, as found previously for HCV (Reynolds et al, 1995; 
Honda et a l, 1996a). However, mfold analyses predicted a structure with 
significantly decreased stability (AG: -3.5 kcal/mole) compared to the wild-type 
domain IV. The decreased stability may suggest that domain IV is unable to form in 
these constructs, but does suggest that domain IV has a more significant role in SV2 
translation initiation than has been previously suggested for HCV.
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PRIM ER SEQUENCE (5^-3*)
SV2FL Forward 
SV2A1 Forward 
SV2A2 Forward 
SV2A3Forward 
SV2A4 Forward 
SV2A5 Forward 
SV2A6 Forward 
SV2S Reverse 
SV2L Reverse 
CAT Forward
GGA 7’CCCCCTCGCCTGTCAC AG 
GGA rCCAG AGTC AAC ACTTTGCG 
GGA TCCGT ATGG A ATGCTTT AAGG 
GGA rCCGATT ATGACTTCAGGGTGGCCG 
GGA TCCTGTGGT AAGTG ATGTT AG 
GGA rCCT ACGCTGTGCGGGCCG A AGT AA 
GGA rCCG AAGTAAGCTTAGGA AT A AC AGG 
GGGG^T’CCCTACTGGTTATACCATAC 
CTCATGG4 TCCCC ATCTT AG AG A ATGTCTT 
ACACCTCCCCCTGAACCTGAAACAT*^
Table 6.1 Oligonucleotides used for the characterisation of the SV2 1RES.
Sequences shown in italicised bold font indicate the restriction sites that were 
included in the sequence and required for subsequent cloning reactions. SV2 cDNA 
was kindly provided by S. Oberste (CDC, USA). Relating to SVi-CAT sequence 
(Gomian et a l, 1982).
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CHAPTER SEVEN 
A SYSTEM TO IDENTIFY PROTEINS THAT INTERACT WITH 
THE FOOT-AND-MOUTH DISEASE VIRUS (FMDV) INTERNAL 
RIBOSOME ENTRY SITE (1RES) IN CELLS
7.1 Introduction
The canonical translation initiation factor requirements of the FMDV 1RES have 
been assessed previously. All class I and II picornavirus 1RES elements require 
eIF2, eIF3, eIF4A, eIF4B and at least the C-terminal domain of eIF4G for translation 
initiation. However, Filipenko et a l (2000) found that reconstitution of 48S 
complexes on RNA transcripts containing the FMDV 1RES was extremely 
inefficient when only the canonical initiation factors were added.
Analysis of 1RES-mediated translation has indicated that 1RES elements require 
other cellular proteins for efficient internal initiation. These proteins usually contain 
multiple RNA recognition motifs (RRMs), thus it is believed that these trans-acting 
factors bind to multiple regions of the 1RES and are required for maintenance of the 
correct structure of the 1RES within the cell. Understanding the requirement of 1RES 
elements for these proteins may provide insight into the tissue trop ism of the 
different viruses.
The polypyrimidine tiact binding protein (PTB) is a transacting factor that was 
found to be required for efficient FMDV IRES-mediated translation in vitro 
(Niepmann et a l, 1997). Addition of this protein to 48S pre-initiation complex
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reconstitution assays enhanced the formation of 48S complexes (Filipenko et a l, 
2000), however another protein present in HeLa cell extracts was also required for 
efficient 48S pre-initiation complex assembly on the FMDV 1RES. This protein was 
subsequently identified as ITAF-45 (also known as Mppl) (Filipenko et al, 2000). 
Currently much of our understanding of 1RES trans-acting factor requirements 
results fium experiments performed using in vitro systems. A cell based system for 
analysis of 1RES activity is preferable as these systems are more stringent and thus 
may be more applicable to the activity of the 1RES in vivo.
To identify proteins that interact with the FMDV 1RES, a system was designed to 
allow capture of FMDV IRES-containing RNA ti anscripts and any attached proteins 
from cells. This system required the use of an RNA binding protein that interacts 
specifically with an RNA element within the transcripts. A well-characterised 
example of a high affinity RNA-protein interaction occurs between the iron response 
protein (IRP) and the iron response element (IRE). This interaction is required for 
regulation of iron uptake in cells. The IRE was first identified in the 5 ’ UTR of 
feiTitin mRNAs (Hentze et a l, 1987). In iron-replete conditions, no interaction 
between the IRP and IRE occurs, however upon iron depletion from cells, the 
interaction between IRP and the IRE is promoted. This interaction prevents 
translation of the ferritin mRNA by inhibiting scanning of 48 S ribosomal complexes 
to the initiation codon (Paraskeva et a l, 1999; Poyry et a l, 2001).
Two forms of the IRP exist, these are known as IRPI and IRP II (Pantapoulos et al,
1995). For the puiposes of these experiments, IRPI was used. In iron replete cells, 
this protein contains an iron-sulphur cluster and exists as a cytoplasmic aconitase.
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However, when iron is depleted from cells, the iron-sulphur cluster disassembles.
The resulting protein lacks aconitase activity, but displays RNA binding activity 
(Rouault <2/., 1988; Gray et ah, 1993).
7.2 Interaction of His-IRP with pGEM-fLUC/FMDV-IRE/CAT
To identify proteins that interact with the FMDV 1RES in cells, DNA plasmid 
vectors containing the FMDV 1RES and an IRE were used. Constiucts were kindly 
provided by R. Jackson (Cambridge University, U.K) and are described in Poyry et 
al (2001). These vectors contain an upsheam fLUC ORF, under translational 
control of the 5 ’ cap and a downstream CAT ORF, under translational control of the 
FMDV 1RES element. Both ORFs contain an HA tag (hemagglutinin protein of 
human influenza virus) for efficient detection using an a-HA antibody. The FMDV 
1RES element contains two functional initiation codons termed the Lab stait site, 
situated at the immediate 3’ end of the 1RES, and the Lb start site positioned 84nt 
downstream (Sangar at a l, 1987; Belsham et a l, 1992). It is believed that nearly all 
ribosomes enter at the upstream Lab site, but only a minority (25%) initiate 
translation here. The rest scan downstream to initiate translation at the Lb start site 
(Belsham et a l, 1992). An EcoRV restriction site was introduced at various 
positions between the two initiation codons (nt 15, nt 24, nt 32 or nt 42) that allowed 
for incorporation of the IRE between the Lab and Lb start sites (Figure 7.1 A; Poyry 
et a l, 2001). Insertion of the restriction site and IRE was shown by the authors to 
have no effect on the activity of the 1RES in viti'o. However, while the high affinity 
interaction between the IRE and IRP does not impede actively translating 80S 
ribosomal complexes, it is inhibitory to scanning 48S ribosomal complexes that enter 
at the Lab start site and scan downstieam to the Lb start site to initiate translation.
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Thus, the interaction between the IRE and IRP can be detected by an inhibition of 
translation initiation at the Lb stait site (Pai’askeva et a l, 1999; Poyry et a l, 2001).
Insertion of the restriction site did not affect the reading frame between the two 
nucleotides. However, subsequent incorporation of the IRE resulted in the 
production of a stop codon between the two initiation codons, preventing translation 
of the Lab form of the FMDV L protein (Poyry et a l, 2001).
7.2,1 Results
A plasmid that expresses a His-tagged IRP was kindly provided by B. Galy (EMBL, 
Germany). This protein was previously shown to bind efficiently to the IRE within 
transcripts from pGEM/fLUC/FMDV-IRE/CAT in vitj^ o (Poyry et a l, 2001). All 
constructs contained a T7 promoter element. In order to test the activity of the 1RES 
and the binding of IRP in cells, transient expression assays were perfomied using 
vTF7-3-infected BHK cells as described in section 2.4.1. Constructs that contained 
the IRE at each position between the two initiation codons were used (termed SI 5, 
S24, S32, S42). These were each co-transfected into BHK cells with or without the 
plasmid encoding His-IRP in a 1:1 ratio. The iron chelator deferoxamine (Sigma) 
was added to the cells at a final concentration of lOOpM for 16 hours to encourage 
the activation of the RNA-binding form of IRPI (Rogers and Munro, 1986). 
Transfected cells were also incubated with cycloheximide (Sigma), which was added 
at a final concentration of 1 pg/ml from 2 hours prior to harvesting. Addition of this 
protein synthesis inhibitor was expected to stabilise ribosomal complexes attached to 
the RNA. [^ ‘^ Sj-methionine radiolabelling of cells (Section 2.5.3) was carried out to 
confirm that protein synthesis was effectively inhibited by this concentration of
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cycloheximide (data not shown). After incubation for 20 hours, cell lysates were 
collected and the samples analysed for protein expression using 10% SDS-PAGE 
followed by Western blotting.
Using antibodies directed against IRP and HA (to detect fLUC and CAT that both 
contain an HA tag) it was clear that IRP was expressed efficiently in transfected cells 
and had no effect on the expression of the upstream fLUC ORF. However, 
production of Lb CAT, which results from tianslation initiation at the downstream 
Lb initiation codon was inhibited in the presence of IRP indicating that IRP does 
bind to the IRE in cells, preventing ribosomes from scanning from the Lab to the Lb 
initiation codon (Figure 7.IB).
Insertion of the IRE had introduced an in frame UAA stop codon between the Lab 
and Lb initiation codons (Poyry et a l, 2001). Thus, the larger form of CAT (Lab 
CAT) was not produced fr om these consti ucts. Expression of Lab CAT would act as 
a useful positive contiol as tianslating 80S ribosomal complexes that have initiated 
translation at the Lab initiation codon would be expected to dislodge any bound IRP 
(Goossen and Hentze, 1992).
The incoiporation of a His-tag sequence into the IRP construct clearly did not affect 
the expression of IRP in cells or its ability to bind to the IRE (Figure 7.IB), It was 
anticipated that the tag on the IRP would allow capture of the IRP (and consequently 
RNA-protein complexes to which it had bound) from cells. To confirm efficient 
capture of His-IRP from cells, transient expression assays were carried out using 
vTF7-3-infected BHK cells transfected with 2pg of the plasmid encoding His-IRP.
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After 20 hours, cells were lysed with buffer A supplemented with lOmM imidazole 
(Appendix II). Nickel-NTA resin (Qiagen) was added to capture His-tagged proteins 
from the cell lysates (Section 2.5.7).
Figure 7.1C shows the Western blot analysis of His-IRP expressed in cells and His- 
IRP captured by the NTA resin. It is clear that IRP was expressed efficiently in 
cells, but was not captured by the NTA resin. Subsequent analysis of the His-tag 
initiation codon within the plasmid encoding His-IRP revealed that the context of the 
initiation codon was not optimised for mammalian cell expression systems. The 
optimum consensus sequence for mammalian initiation codons has been determined 
as CCA/GCCAUGG, with positions -3 and +4 being the most critical (where the A 
from the AUG initiation codon is designated +1) (Kozak, 1987). If these nucleotides 
are substituted for pyrimidine residues, the initiation codon is likely to be missed by 
scanning ribosomes. The sequence surrounding the His-tag initiation codon in His- 
IRP is TACATATGA. Of particular importance in this sequence is the presence of a 
pyrimidine at position -3. Thus, it is likely that in the transient expression system, 
the His-tag initiation codon is missed by the ribosomes, which instead scan down to 
the authentic IRP initiation codon producing a non-tagged IRP in the cells.
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Figure 7.1 Interaction of pGEM-fLUC/FMDV-IRE/CAT mRNA with His-IRP 
with in cells. (A) The dicistronic vector was constructed as detailed in Poyry et al 
(2001). The 1RES from FMDV was inserted between the two ORFs and an EcoRV 
restriction site was introduced at nucleotides 15, 24, 32 or 42 between the Lab and 
Lb initiation codons to allow insertion of an Iron Response Element (IRE).
* indicates the UAA stop codon introduced between the Lab and Lb initiation 
codons upon insertion of the IRE. (B) Constructs containing an IRE inserted at 
either nucleotide 15, 24, 32 or 42 were assayed in transient expression assays in 
vTF7-3-infected BHK cells. Plasmid DNA (2pg) was co-transfected with (+) or 
without (-) 2pg of the plasmid encoding His-IRP. Products were separated using 
10% SDS-PAGE and analysed for the expression of fLUC (60.5 kDa), IRP (97.5 
kDa) and CAT (25 kDa) by Western blotting. (C) A plasmid encoding His-IRP (2pg) 
was transfected into vTF7-3-infected BHK cells. After 20 hours, cells were 
harvested and analysed for the expression of IRP by 8% SDS-PAGE followed by 
Western blotting (lanes 1 and 2). The cell lysate was also incubated with nickel- 
NTA resin to capture His-IRP. Proteins captured using NTA columns were analysed 
using 8% SDS-PAGE and Western blotting (lanes 3 and 4). The mobilities of the 
broadrange protein marker (NEB) are shown for reference.
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7.3 Construction of pGEM/FLAG-IRP and pCL/FMDV- 
SE/rLUC/oT
7.3.1 Construction of pGEM/FLAG-IRP
Since the analysis of His-IRP capture on NTA columns revealed that the His-tag was 
not being expressed in cells, a new vector was created that contained the IRP ORF 
with an N-terminal FLAG-tag.
7.3.1.1 pGEM/FLAG-IRP
The His-IRP plasmid was use as a template for a PCR reaction designed to introduce 
the FLAG recognition sequence upstream of the IRP ORF. The FLAG-IRP forward 
primer (Table 7.1) encoded an EcoRl restriction site, the FLAG sequence with its 
initiation codon and the IRP coding sequence that lacked the initiation codon. The 
IRP reading frame was maintained. This primer was used with the IRP reverse 
primer to create a 400 bp fragment, FLAG-IRPa (Figure 7.2A). This product was 
sub-cloned into the pT7-blue vector (Novagen; Section 2.3.13) before being removed 
using EcoRI and PstI restriction digests and cloned into the EcoRI/Pstl-digested, 
phosphatase-treated pGEM3Z vector (Promega; EMBL accession number: X65304) 
to create pGEM/FLAG-IRPa. The rest of the IRP protein was removed from the 
original His-IRP clone using Pstl/Hindlll restriction digests and cloned into the 
Pstl/HindlII-digQStQà, phosphatase-ti'eated pGEM/FLAG-IRPa to create 
pGEM/FLAG-IRP (Figure 7.2A).
To analyse expression of the IRP and FLAG-tag in cells, vTF7-3-infected BHK cells 
were transfected with 2pg of pGEM/FLAG-IRP. Two different clones of the
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plasmid were analysed in individual transfections (labelled A and B). After 20 
hours, cells were harvested and analysed for the expression of FLAG-IRP using 8% 
SDS-PAGE followed by Western blotting using antibodies directed against IRP or 
FLAG (Figure 7.2B). This analysis indicated that both the FLAG-tag and IRP were 
being expressed efficiently in cells.
7.3.1.2 pGEM/PV-FLAG-IRP
It was intended in future experiments that analysis of proteins binding to the FMDV 
1RES would be investigated when cap-dependent ti anslation was inhibited. This 
would be achieved by the co-expression of the SVDV 2A protease (2A^ '^ ®) that 
induces cleavage of eIF4F and prevents cap-dependent translation. However, 
expression of the 2A*’’^*^ in cells would prevent expression of pGEM/FLAG-IRP, 
which is translated by a cap-dependent mechanism. Thus, an 1RES was included 
upstream of the FLAG-IRP sequence to allow for translation of pGEM/FLAG-IRP 
when cap-dependent translation was inhibited.
For inclusion of the poliovirus (PV) 1RES before the FLAG-IRP ORF, 
pGEM/FLAG-IRPa was digested with the restriction enzyme EcoRl. The ends of 
this fr agment were blunted using the Klenow fragment of DNA polymerase I and the 
vector phophatase ti’eated. The PV 1RES element was removed from pGEM- 
CAT/PV/LUC (Roberts et a l, 1998) using Hindlll and EcoRV restiiction digests and 
the ends blunted using the Klenow fragment of DNA polymerase I. The 1RES was 
ligated into the £'coi^-digested pGEM3Z/FLAG-IRPa vector to create pGEM/PV- 
FLAG-IRPa. This vector was then restriction digested with PstI and Hindlll and the
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Figure 7.2 Construction and expression of pGEM/FLAG-IRP. (A) Forward 
primers encoding a FLAG tag were used in a PCR reaction to fuse the FLAG tag to 
the N-terminus of IRP. The IRP initiation codon was removed, thus ensuring that 
initiation of translation occurred at the beginning of the FLAG-tag. Restriction sites 
shown are those that were used for vector construction. The pGEM/FLAG-IRP 
vector is under transcriptional control of the T7 promoter and translational control of 
the 5’ cap (not shown). The EcoRI restriction site included in the FLAG forward 
primer was used for subsequent incorporation of the PV 1RES element (see text). (B) 
The expression of two clones of pGEM/FLAG-IRP was analysed using transient 
expression assays in vTF7-3-infected BHK cells. Cells were transfected with 2|ig 
DNA and, after 20 hours, proteins within the cell lysates were separated using 8% 
SDS-PAGE. The expression of both IRP and the FLAG tag was analysed using 
antibodies directed against each of these sequences. In both cases, a 98.4 kDa 
protein was detected
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rest of the IRP protein introduced as described previously to create pGEM/PV- 
FLAG-IRP (not shown).
7.3.2 pCL/FMDV-SE/rLUC/0T
The pGEM/fLUC/FMDV-IRE/CAT constructs obtained from R. Jackson worked 
efficiently in cells and bound IRP. However, these constiucts were not easily 
manipulated and so were redesigned to allow incoiporation of a T7 terminator that 
would ensure that all ti anscripts produced within the cell were of equal length.
These new constructs were also designed to be monocistronic in order to exclude 
extia RNA sequences that may bind proteins within the cell. The constructs were 
created to ensure that the inclusion of the IRE between the Lab and Lb initiation 
codons had no effect on the reading frame. This would allow for translation from the 
Lab initiation codon that is insensitive to the presence of IRP, providing an internal 
control in the absence of an upstream ORF.
7.3.2.1 pCL/rLUC
The renilla luciferase (rLUC) ORF was removed from pRLnull (Promega; EMBL 
accession number: AF025844) by restiiction digestion of the vector with Csp45I, 
followed by treatment with the Klenow fragment of DNA polymerase I before 
restiiction digestion with Xbal. pCLneo (Promega; EMBL accession number: 
U47120) was restiiction digested with M ul, tieated with the Klenow fragment of 
DNA polymerase I, digested with Xba I  and phosphatase tieated. The rLUC ORF 
was ligated into pCLneo to create pCL/rLUC (Figure 7.3A).
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13.2,2 pCL/FMDV-C/rLUC
The FMDV 1RES was removed from the dicistronic pGEM-fLUC/FMDV/CAT 
vector (termed S24C) created by Poyry et a l (2001). These constructs included an 
EcoRV restriction site at position 24 between the Lab and Lb start sites. The reading 
frame between the two initiation codons was maintained. Poyry et a l (2001) 
originally amplified the 1RES from pXLJ-FMDV that contained the OIK strain of 
FMDV (EMBL accession number: X00871) (Ziegler et a l, 1995) using a forward 
primer containing a BamHl restriction site and a reverse primer containing a Sad  
restiiction site (Poyry et a l, 2001). S24C was digested with the restriction enzymes 
BamHl and S a d  to remove the 1RES and treated with T4 DNA polymerase to blunt 
the ends of the DNA. The resulting 1RES fragment that contained the EcoRV 
restriction site at position 24 was inserted into the A%e/-linearised, Klenow and 
phosphatase-treated pCL/rLUC vector to create pCL/FMDV-C/rLUC (Figure 7.3A). 
Vectors were analysed for incorporation of the 1RES by restriction digestion.
7.3.2.3 pCL/FMDV-C/rLUC/oT
A T7 terminator (oT) was included to ensure that tianscripts produced within the cell 
were of equal length. oT primers (Table 7.1) were used that contained Notl 
compatible ends and an internal EcoRI restriction site for identification. These 
primers were obtained with 5’ phosphate groups. The primers were annealed 
(Section 2.3.9) and ligated into the Ao^/-linearised, phosphatase treated pCL/FMDV- 
C/rLUC vector (Figure 7.3A). The EcoRI site included in the primers was used for 
assessment of primer incoiporation.
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7.3.2.4 PCL/FMDV-SE/1LUC/0T
To create plasmids that contained the IRE, primers were used that encoded the IRE 
and contained F-compatible ends (Table 7.1). The primers included 5’ 
phosphate groups. Primers were annealed and ligated into the £'coi?F-linearised, 
phosphatase treated pCL/FMDV-C/rLUC/oT vector to create pCL/FMDV- 
SE/rLUC/oT. A BamHl restriction site, also included in the primers, was used for 
identification of IRE incorporation (Figure 7.3A). IRE incorporation in the correct 
orientation was further confirmed using sequencing reactions with the FMDVSEQ 
Forward primer (Table 7.1) (Figure 7.6).
Expression of the two forms of rLUC was analysed using in vitro ti anscription and 
translation (TNT) assays in rabbit reticulocyte lysate (RRL) as described in section 
2.5.4. Each reaction was programmed with -methionine and 0.5pg of either
pCL/FMDV-C/rLUC/oT or pCL/FMDV-SE/rLUC/oT. pRLnull, which expresses 
rLUC, was included as a positive control. The products of these reactions were 
separated by 10% SDS-PAGE and analysed by autoradiography (Figure 7.3B). The 
positive control efficiently expressed the 34.1 kDa rLUC protein as expected. This 
protein was also expressed by both pCL/FMDV-C/rLUC/oT and pCL/FMDV- 
SE/rLUC/oT and resulted from translation initiation at the Lb initiation codon. 
Translation initiation was also observed fi'om the upstieam Lab initiation codon, 
although at a reduced level compared to initiation at the Lb initiation codon as 
previously observed (Belsham et a l, 1992). The resulting Lab rLUC proteins were
37.2 kDa in the case of pCL/FMDV-C/rLUC/oT or 38.5 l<Da in the case of 
pCL/FMDV-SE/rLUC/oT that contained the IRE and a BamHl restriction site.
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Figure 7.3 Construction and analysis of pCL/FMDV-SE/rLlJC/oT. (A) The
IRE-containing vector was constructed as described in the text (Section 7.3). 
Restriction sites shown are those that are unique within the final vector or used for 
cloning reactions. (B) Constructs were analysed using in vitro TNT reactions in RRL 
programmed with [^^S]-methionine and 0.5pg DNA. After 90 minutes, products 
were separated using 10% SDS-PAGE and analysed for the expression of Lab rLUC 
(resulting from translation initiation at the AUG codon immediately 3’ of the 1RES) 
and Lb rLUC (resulting from translation initiation at the AUG codon 84 nt 
downstream) by autoradiography. pCL/FMDV-SE/rLUC/oT contains 33 nt of extra 
sequences compared to pCL/FMDV-C/rLUC/oT due to incorporation of the IRE, 
thus a larger Lab rLUC protein is produced from this plasmid. The mobilities of the 
broadrange protein marker (NEB) are shown for reference.
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7.4 Capture of the FMDV 1RES from cells
FMDV 1RES RNA and attached proteins were isolated from cells using transient 
expression assays in vTF7-3-infected BHK cells followed by protein capture using 
anti-FLAG M2 affinity gel (Sigma; Section 2.5.6). Cells were ti*ansfected with 2pg 
pGEM/FLAG-IRP or pGEM/PV-FLAG-IRP and 2pg of the plasmids containing the 
FMDV 1RES and IRE. As explained previously (Section 7.2.1), the iron chelator 
deferoxamine and the protein synthesis inhibitor cycloheximide were included in the 
transfections to encourage activation of the RNA binding form of IRPl and to 
stabilise RNA-ribosomal complexes.
7.4.1 Capture of the FMDV 1RES and attached proteins from cells using 
pGEM/fLUC/FMDV-IRE/CAT (S24)
Initially, the binding of pGEM/FLAG-IRP and pGEM/PV-FLAG-IRP to constructs 
described by Poyry et al (2001) was assessed. BHK cells that had been infected 
with the recombinant vaccinia virus vTF7-3, that expresses the T7 RNA polymerase, 
were ttansfected with 2pg of pGEM/fLUC/FMDV-IRE/CAT. This construct 
contains the IRE in the sense orientation at position 24 between the Lab and Lb 
initiation codons (hence S24). The plasmids pGEM/FLAG-IRP or pGEM/PV- 
FLAG-IRP (2pg) were also ttansfected into the same cells. Deferoxamine (lOOpM) 
was added to the cells 16 hours prior to harvest. Cycloheximide (Ipg/ml) was added 
to the cells 2 hours prior to harvest. At 20 hours post-transfection, cells were lysed 
with lysis buffer A (Appendix II) as described in section 2.4.1. Cell lysates were 
analysed for the expression of FLAG-IRP using 10% SDS-PAGE followed by 
Western blotting with a primary antibody directed against the FLAG-tag (Figure 
7.4A). It was clear that both pGEM/FLAG-lRP and pGEM/PV-FLAG-IRP
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expressed the 98.4 kDa FLAG-IRP protein within the cells, however pGEM/FLAG- 
IRP under translational control of the PV 1RES was expressed much less efficiently 
than that under translational control of the 5’ cap. The activity of the PV 1RES has 
been found to be stimulated in BHK cells upon addition of the 2A protease to cells 
(Roberts et a l, 1998). Thus, increased expression of FLAG-IRP would be expected 
when the 2A protease was included in the experiments to inhibit cap-dependent 
translation.
Cell lysates were also examined for the expression of fLUC and CAT using 10% 
SDS-PAGE followed by Western blotting with an antibody directed against the HA 
tag fused to both of these ORFs (Figure 7.4B). In each case, expression of the 
upstieam fLUC ORF is similai* as expected. As explained above, expression of the 
Lab form of CAT was prevented due to the intioduction of an in frame stop codon 
between the Lab and Lb initiation codons upon inclusion of the IRE (Poyry et al, 
2001). Expression of Lb CAT was efficiently inhibited upon addition of both 
pGEM/FLAG-IRP and pGEM/PV-FLAG-IRP suggesting that the FLAG-IRP protein 
produced by both of these consti ucts can efficiently bind the IRE,
Since IRP binding to the reporter mRNAs was clearly observed, these cell lysates 
were incubated with FLAG affinity resin in an attempt to capture FLAG-IRP, the 
FMDV IRES-containing RNA tianscripts and any bound proteins. This procedure 
was carried out as described in section 2.5.6. Proteins were eluted fr om the resin by 
addition of 3x SDS sample buffer and 1.25M DTT followed by vortexing. The 
eluate was examined for the presence of eIF4A by 10% SDS-PAGE and Western 
blotting (Figure 7.4C). Although eIF4A was clearly present in cell lysates that have
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B
Figure 7.4 Capture of the FMDV 1RES from pGEM-fLUC/FMDV-lRE/CAT 
from cells. vTF7-3-infected BHK cells were transfected with Zpg of pGEM- 
fLU C/FMD V - IRE/C AT (S24) either alone or with 2pg of the plasmid encoding 
FLAG-IRP or the same plasmid under translational control of the poliovirus (PV) 
1RES. Cells were harvested and the lysate analysed using 10% SDS-PAGE and 
Western blotting. An antibody against FLAG was used to detect the presence of 
FLAG-IRP (98.4 kDa) (A) or a-HA was used to detect the production of fLUC (60.5 
kDa) and CAT (25 kDa) (B). (C) Cell lysates were incubated with FLAG resin to 
capture the FLAG-IRP protein, attached RNA and any bound proteins from cells. 
Eluate from the FLAG affinity columns was analysed for the presence of elF4A (46 
kDa) using 10% SDS-PAGE and Western blotting. A sample of cell lysate that had 
not been incubated with FLAG resin was also analysed for the presence of elF4A. 
The mobilities of the broadrange protein marker (NEB) are shown for reference.
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not been incubated with FLAG affinity resin, it was absent from the eluate from the 
resin. Since eIF4A is a known requirement for FMDV IRES-dependent translation, 
this result suggests that the mechanism of protein capture from cells using the IRP- 
IRE interaction is extremely inefficient.
7.4.2 Capture of the FMDV 1RES and attached proteins from cells using 
pCL/FMDV-SE/rLUC/0T
The monocistronic pCL/FMD V-SE/rLUC/oT construct was used in a further 
attempt to capture IRES-binding proteins from cells. Transient expression assays 
were carried out as detailed above (Section 7.4.1) using 2pg pCL/FMDV- 
C/rLUC/oT or pCL/FMDV-SE/rLUC/oT with or without pGEM/FLAG-IRP. 
Deferoxamine (lOOpM) was added to the cells 16 hours prior to hai*vest. 
Cycloheximide (Ipg/ml) was added to the cells 2 hours prior to harvest. At 20 hours 
post-transfection, cells were lysed with lysis buffer A (Appendix II). Cell lysates 
were examined for the expression of FLAG-IRP and rLUC using 10% SDS-PAGE 
followed by Western blotting with antibodies directed against IRP or rLUC (Figure 
7.5A). In each case, FLAG-IRP was expressed efficiently within the cell (Figure 
7.5A, bottom panel). rLUC was also expressed efficiently and two forms of rLUC 
(Lab rLUC and Lb rLUC) were expressed as expected. However, there was no 
obvious decrease in expression of Lb rLUC from pCL/FMDV-SE/rLUC/oT in the 
presence of pGEM/FLAG-ÏRP, suggesting that the FLAG-IRP protein was not 
binding efficiently to the IRE (Figure 7.5A, top panel).
Although efficient FLAG-IRP binding was not observed, these cell lysates were 
incubated with FLAG affinity resin in an attempt to capture the RNA transcripts and
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Figure 7.5 Capture of the FMDV 1RES from pCL/FMDV-SE/rLUC/oT from 
cells. (A) vTF7-3-infected BHK cells were transfected with 2pg of pCL/FMDV- 
C/rLUC/oT or pCL/FMDV-SE/rLUC/oT either alone or with 2pg of the plasmid 
encoding FLAG-IRP. Cells were harvested and the lysate analysed using 10% SDS- 
PAGE and Western blotting. Antibodies against rLUC were used to detect the two 
forms of rLUC expressed by these plasmids (top panel). Antibodies against IRP 
were used to detect the expression of FLAG-IRP in cells (bottom panel). (B and C) 
Cell lysates were incubated with FLAG resin to capture the FLAG-IRP protein, 
attached RNA and any bound proteins from cells. Eluate from the FLAG affinity 
columns was analysed for the presence of eIF4A (46 kDa) using 10% SDS-PAGE 
and Western blotting (B) or eIF4G (220 kDa) using 6% SDS-PAGE and Western 
blotting (C). A sample of cell lysate that had not been incubated with FLAG resin 
was also analysed for the presence of eIF4 A or eIF4G. The mobilities of the 
broadrange protein marker (NEB) are shown for reference.
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attached proteins. The procedure was earned out as detailed in section 2.5.6 and 
proteins were eluted using 3x SDS sample buffer, 1.25M DTT and vortexing. The 
eluate was examined for the presence of eIF4A using 10% SDS-PAGE followed by 
Western blotting (Figure 7.5B) or eIF4G using 6% SDS-PAGE followed by Western 
blotting (Figure 7.50). These proteins are both known requirements for FMDV 
1RES activity in vitro and in cells (Filipenko et a l, 2000; Bassili et a i, 2004). In 
both cases, the protein was detected in the cell lysate, but was not captured by the 
FLAG resin, again suggesting that the IRP-IRE interaction did not provide an 
efficient mechanism by which the FMDV 1RES or attached proteins can be captured 
from the cell.
7.5 Discussion
The IRP-IRE interaction is a well characterised example of a highly specific protein- 
RNA interaction (Roualt et al, 1988) that was employed in an attempt to capture the 
FMDV 1RES and attached proteins from cells. This interaction was confimied using 
pGEM/FLAG-IRP and pGEM/fLUC/FMDV-IRE/CAT (kindly provided by R. 
Jackson, Cambridge University, U.K) and was demonsttated by an inhibition of 
translation of Lb CAT, resulting from an IRP-induced block to ribosomal scanning 
(Figure 7.4B). However, the IRE in the context of the monocistronic vector 
pCL/FMDV-SE/rLUC/oT did not appear to bind the IRP as no inhibition of 
translation of Lb rLUC was observed (Figure 7.5A). The reasons for this lack of 
interaction are unclear as the pCL/FMDV-SE/rLUC/oT vector was sequenced using 
the FMDVSEQ Forward primer (Table 7.1) to confirm the presence and integrity of 
the IRE (Figure 7.6). Alterations in the amount of pGEM/FLAG-IRP transfected 
into cells also had no effect on the expression of Lb rLUC (Figure 7.7A).
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Figure 7.6 Determination of the presence of the IRE in pCL/FMDV- 
SE/rLUC/oT. pCLVFMDV/SE/rLUC/oT was sequenced using the FMDVSEQ 
forward primer (Table 7.1). The IRE in the correct orientation is boxed. The 
reformed EcoRV restriction site on the 5’ side of the 1RES and the BamHl restrietion 
site included at the end of the IRE are indieated.
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Attempts made to capture the FMDV 1RES and proteins when in the context of the 
discistronic vector pGEM/fLUC/FMDV-IRE/CAT (S24) (to which IRP binding was 
observed) or the monocistronic vector pCL/FMDV-SE/rLUC/oT were both 
unsuccessful (Figures 7.4C and 7.5 B and C) and again the reasons for this are 
unclear. The interaction of eIF4G with the FMDV 1RES has been demonstrated both 
in vitro and in cells (Lopez de Quinto and Martinez-Salas, 2000; Saleh et ai, 2001; 
Bassili et a l, 2004). The addition of eIF4A to eIF4G was found to increase the 
binding affinity of eIF4G to the 1RES (Filipenko et a i, 2000) and is also believed to 
be required for eIF4B binding to the FMDV 1RES, an interaction that has been 
clearly demonstrated in vitro (Meyer et al, 1995). Therefore it seems that the lack 
of recovery of eIF4A and eIF4G demonstrates an inefficient IRP-IRE interaction or 
inefficient capture of FLAG-IRP and attached mRNA onto the FLAG affinity resin.
FMDV 1RES-IRE mRNA capture by the FLAG resin was assessed using RT-PCR 
followed by PCR on mRNA present in the eluate recovered from the FLAG 
columns. After the capture procedure described in section 2.5.6, the FLAG resin 
was resuspended in 40pi of buffer A (Appendix II). RNA was precipitated fi'om the 
eluate using phenol/chloroform precipitation followed by EtOH precipitation 
(Section 2.2.1). The resulting RNA was then subjected to treatment with DNase to 
remove any plasmid DNA (Section 2.2.2) before being re-precipitated with 
phenol/chloroform and EtOH, An RT-PCR was then performed using random 
hexanucleotide primers (Section 2.2.3) and the resulting cDNA used in a PCR with 
FMDVSEQ Forward and rLUC Reverse primers (Table 7.1). A positive control 
PCR was carried out using pCL/FMDV-SE/rLUC/oT as a template. Note that the 
pCL/FMDV-AS/rLUC/oT construct was also included in these reactions. This
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Figure 7.7 Determination of the optimum amount of pGEM/FLAG-IRP 
required for the inhibition of expression of Lb rLUC in cells and evidence of 
mRNA capture by FLAG affinity resin. (A) Transient expression assays were 
carried out in vTF7-3-infected BHK cells. Cells were transfected with 2pg 
pCL/FMDV-C/rLUC/oT or 2pg pClVFMDV-SE/rLUC/oT and different amounts of 
the plasmid encoding FLAG-IRP as indicated. After 20 hours, cell lysates were 
collected and analysed for the expression of rLUC using 10% SDS-PAGE followed 
by Western blotting. (B) RT-PCR reactions using random hexanucleotide primers 
were performed on mRNA purified from the DNase-treated eluate from the FLAG 
affinity resin The cDNA products were then used in a PCR reaction with the 
FMDVSEQ Forward and rLUC Reverse primers (Table 7.1) and the products 
separated using 1% agarose gel electrophoresis. A no DNA control and positive 
control (pGEM/FMDV-SE/rLUC/oT) were also ineluded. A 1 Kb DNA ladder 
(Promega) is shown for reference.
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construct contained the IRE in the anti-sense orientation that should not bind the 
IRP. This consti'uct was subsequently found to contain a 50 nt insertion between the 
Lab and Lb initiation codons and so was not used as a control in other protein 
capture experiments. PCR products were analysed using 1 % agarose gel 
electrophoresis (Figure 7.7B). The production of an 800 bp PCR product from the 
positive control and eluate from cell lysate that contained pCL/FMDV-SE/rLUC/oT 
with pGEM/FLAG-IRP suggests that the FLAG affinity resin is able to specifically 
capture the niRNA containing an IRE. However, these results were not reproducible 
in further experiments.
The system designed should provide a simple mechanism for exti nction of specific 
mRNAs and attached proteins from cells. Key features of this system are clearly 
operational, as indicated by the observation of FLAG-IRP binding to pGEM- 
fLUC/FMDV-IRE/CAT mRNA (Figure 7.1) and identification of niRNA capture by 
the FLAG affinity resin (Figure 7.7B). However, it is clear that elements of this 
system require optimisation to ensure that proteins remain attached to the mRNA 
during the capture process.
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PRIM ER SEQUENCE (5^-3')
IRE Forward
IRE Reverse 
IRP FLAG Forward
IRP Reverse  ^
oT Forward
oT Reverse
A  rCCC AGTGCTTCAAC AGTGCTTGG ACCTGG/l TCCCGA T
A TCGGGA rCCAGCîTCCAAGC ACTGTTGAAGC ACTGGG/4 T
CCG/l/irrCGCCACCATGGACTACAAGGACGATGACGACAAG
AGCAACCCATTCGCACACCTT
TTAC AAG ATC AGCAGGGC AGACAGGGTTT
* ' GGCCCCC AT AACCCCTTGGGGCCTCT AA ACGGGTCTTG AGG 
GGTTTTTTGG/4/4 TTCGC
* ‘ GGCCGCGAA 7’7’CCAA AA A ACCCCTC AAG ACCCGTTTAGAGG 
CCCCAAGGGGTTATGCC
FMDVSEQ Forward*^ GGTCTAGAGGGGTAACATTTTG
rLUC Reverse* TAAGAAGAGGCCGCGTTACCA
Table 7.1 Oligonucleotides used for identification of FMDV IRES-binding 
proteins. Sequences shown in italicised bold font indicate restriction sites included 
for cloning or subsequent analysis of primer incorporation into the vector.
Sequences shown in red font correspond to the IRE. Sequences shown in green font 
indicate the FLAG sequence. *' Oligonucleotides synthesised with a 5’ phosphate 
group. IRP EMBL accession number: Z1 1559. *^  Relating to FMDV OIK strain, 
EMBL accession number: X00871.  ^ Relating to the pRLnull vector (Promega),
EMBL accession number: AF025844
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CHAPTER EIGHT 
CONCLUSIONS
8.1 Class IV picornavirus 1RES elements
This study has focused on the characterisation of a novel picornavirus 1RES element 
that was first identified in the 5’ UTR of PTV-1 and was subsequently found to exist 
within the 5’ UTRs of PEV-8 and SV2. Initial analyses of the 1RES elements within 
these vimses suggested them as class II picornavirus 1RES elements. They were all 
found to mediate translation of a reporter ORF efficiently and accurately in an in 
vitro rabbit reticulocyte system and were unaffected by the 2A protease-induced 
cleavage of the eIF4F initiation factor complex within an intact cell system.
However, the 1RES elements contained within all three of these viruses were found 
to display properties that were quite different from those associated with the cardio- 
and aphthovirus 1RES elements. The 1RES elements of PTV-1 and PEV-8 are 
contained within a region of around 300 nt and as such are considerably shorter than 
the 1RES elements of the other picornaviruses. The 1RES element of SV2 is 
considerably larger, but displays many features in common with those of PTV-1 and 
PEV-8. All lack a polypyrimidine tract upstream of the initiation codon, a feature 
previously assumed common to all picornaviruses.
Perhaps the most interesting finding resulted from experiments performed within 
cells that indicated that the 1RES elements of PTV-1, PEV-8 and SV2 have no 
requirement for the cellular initiation factor complex eIF4F for ribosome recruitment 
to the 1RES. Indeed, in vitro toeprinting analysis carried out on the PTV-1 1RES 
showed that 48S pre-initiation complex formation at the PTV-1 initiation codon was
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achieved with just eIF2 as part of the ternary complex eIF2*niet-tRNAi»GTP. The 
class I, II and III picornavirus 1RES elements all require at least part of eIF4F (the 
central and C-terminal domains of eIF4G with the associated eIF4A RNA helicase) 
for ribosome recruitment and hence 48S pre-initiation complex formation on the 
1RES elements (Pestova et a l, 1996a).
Although unusual for a picornavirus 1RES element, these properties are very similar 
to those of the well-characterised Flavivirus 1RES elements such as those contained 
within the HCV and pestivirus 5’ UTRs. These viruses contain 1RES elements that 
are shorter than those normally associated with the picornaviruses (ca. 300nt), have 
no requirement for eIF4F for translation initiation and interestingly are able to form a 
direct interaction with the 40S ribosomal subunit (Pestova et a l, 1998a). This last 
feature was also noted for PTV-1 (Pisarev et a l, 2004; Chapter 3) suggesting that the 
RNA stmcture associated with the PTV-1 1RES element can functionally replace 
initiation factors for ribosome recruitment.
The similarities between the HCV, PTV-1, PEV-8 and SV2 1RES elements enabled 
the development of secondary sti ncture model for these picornavirus 1RES elements 
(Figures 4.10, 5.10, 6.13) that bear a shiking resemblance to that proposed for the 
HCV 1RES. All models include a pseudoknot immediately preceding the initiation 
codon, which in HCV appears critical for the activity of the 1RES and is proposed to 
be the major 40S ribosomal subunit binding site within the 1RES (Pestova et a l, 
1998a). Similar mutational analysis of the proposed PTV-1 pseudoknot has 
confirmed its importance for the activity of the 1RES (Chapter 4). Thus, it is 
believed to play a similar role in the context of the PTV-1 1RES, being required for
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ribosomal binding and positioning at the initiation codon. The interaction of the 40S 
ribosomal subunit with the HCV 1RES also appears to be mediated by three unpaired 
G residues within domain Hid (Kolupaeva et a l, 2000a). These residues are also 
predicted to be presented in a terminal loop in the PTV-1 1RES and preliminary data 
has suggested that they are present in an unpaired conformation, suggesting that they 
may also be involved in mediating the PTV-1 IRES-40S interaction (A. Pisarev, 
unpublished results).
It has previously been suggested that the HCV and pestivirus 1RES elements mediate 
translation initiation using a mechanism similar to prokaryotic initiation (Pestova et 
a l, 1998b). Prokaryotic 30S ribosomal subunits are directly recruited to a Shine- 
Dalgarno sequence present in the mRNA in a factor-independent manner (reviewed 
in Hershey and Merrick, 2000). However, the eukaryotic 40S ribosomal subunit, 
although able to bind RNA directly, does appear to bind at multiple sites rather than 
in a sequence-specific manner and so it would seem that it is the particular structures 
adopted by these 1RES elements that allows pre-initiation complex recruitment in an 
initiation factor-independent manner.
The discovery of this unusual 1RES element within the picornaviruses may also 
provide an extremely useful tool for analysis of various sti'uctures within the HCV 
1RES. The structural and sequence differences between these different 1RES 
elements may allow the roles of the various 1RES domains to be more cleaidy 
defined. Analysis of domain Ille within tlie HCV 1RES suggested it as critical for 
1RES activity, but did not permit full determination of its role in IRES-mediated 
translation. It was suggested by Psaridi et a l (1999) as a site of interaction with the
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40S ribosomal subunit or a site for interactions with other areas of the 1RES that 
allows the 1RES to adopt the appropriate tertiary conformation for ribosome 
recruitment. If the first hypothesis were true, mutation of the PTV-1 domain Hie to 
the HCV domain Hie sequence (a change of only one nucleotide) would have no 
effect on translational activity of the PTV-1 1RES. However, a 50% decrease in 
tmnslational efficiency of the PTV-1 1RES was observed, suggesting that its most 
likely function was as a nucléation site for folding of the 1RES.
A 4 nt ‘bulge’ found at the 3’ end of domain Hid in the HCV, PTV-1 and PEV-8 
1RES elements was also examined. A similar stmcture, composed of 5 nt, is also 
present within the SV2 1RES and conservation of this structure across viruses from 
different genera and indeed different families suggested it as an interesting target for 
analysis. However, mutagenesis of this region indicated no requirement for a 
particular nucleotide sequence within the bulge. This region may be stmcturally 
important, perhaps acting as a region that allows the RNA within the 1RES flexibility 
for long-range RNA-RNA interactions. However, it may not be required for 1RES 
activity, but instead be required during other stages of the viral lifecycle.
eIF3 interacts directly with the HCV 1RES and although not directly required for 48S 
pre-initiation complex formation on the 1RES, does appear to significantly stabilise 
these complexes and is absolutely required for 80S ribosomal complex formation 
(Pestova et a l, 1998a). Toeprinting analysis of the PTV-1 1RES suggested that eIF3 
is also able to directly interact with the PTV-1 1RES and enhanced the intensity of 
toeprints indicative of 48S pre-initiation complex. These results support a role for 
eIF3 in stabilisation of 48 S complexes at the initiation codon although whether this
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is mediated by a direct interaction with the 40S ribosomal subunit, the ternary 
complex or by induction of a required conformational change in the 1RES is unclear.
One significant difference observed between the HCV and PTV-1 or PEV-8 1RES 
elements is that HCV requires some coding sequences for efficient tmnslation, 
whereas PTV-1 and PEV-8 do not. It is of note that the CSFV 1RES, closely related 
to the HCV 1RES, does not required coding sequences for activity. SV2 however, 
was found to require coding sequence for maximum efficiency, and analysis of the 
region around the initiation codon (identified in this study as nt 694 (Chapter 6)) 
suggests a structure analogous to the HCV domain IV is formed at the 3’ end of the 
SV2 1RES that includes 7 nt of coding sequence (Figure 6.6). The role of domain IV 
in HCV IRES-mediated translation remains unclear. It appears to be required to be 
unstable and indeed any stabilisation of domain IV by the intioduction of different 
reporter ORFs downstream of the HCV 1RES are inhibitory to translation (Reynolds 
et a l, 1995; Honda et a l, 1996a). Domain IV must therefore be able to ‘nielf to 
allow the ribosome access to the initiation codon (Honda et a l, 1996a). However, 
the authors suggest that domain IV does not play a direct role in tr anslation initiation 
but rather is involved in viral persistence. It is speculated that during infection, HCV 
proteins bind to domain IV and stabilise it. This reduces the efficiency of translation 
allowing the virus to adopt a low-grade infection within the host that remains 
undetected by the immune system.
SV2 also appears to adopt a low-grade infection that does not appear to cause 
significant damage or induce an immune response within the host. Although an 
attractive candidate for the cause of viral persistence, analysis of the SV2 domain IV
226
CHAPTER EIGHT CONCLUSIONS
would suggest that domain IV, certainly within the SV2 1RES and perhaps also in 
the HCV 1RES, plays a more significant role in translation initiation. Any 
destabilisation of SV2 domain IV that decreased the likelihood of its formation 
resulted in a significant decreasd in viral translation, indicating that it is directly 
involved in the translation initiation process.
The results presented in this thesis suggest that a fourth class of picornavirus 1RES 
element exists that is quite distinct in structure and properties to the other 
picornavirus 1RES elements. Secondary structure models for each of these elements 
have been derived, and from these, a consensus model developed (Figure 8.1) that is 
most closely based on the PTV-1 1RES. Future structure probing work will help 
refine these models and may provide insight into the interaction of the various sub- 
domains with each other to form the required tertiary structure of these 1RES 
elements or enable determination of their interaction with cellular proteins required 
for translation initiation. It will be especially interesting to clarify the role of SV2 
domain IV and to determine the importance of the comparatively large domain II 
within the SV2 1RES.
During the course of this work it became apparent that the class IV 1RES element 
was present in more viruses within the family. Initial analysis suggests that a duck 
picornavirus TW90A and avian encephalomyelitis-like virus, a hepatovirus, contain 
the class IV 1RES. The existence of very similar 1RES elements in viruses from 
different families may suggest a genetic exchange between 1RES elements, but may 
also suggest that there are only limited number of ways in which internal ribosome 
entiy can occur in the cytoplasm. It is clear that specific virus families are not
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Domain II Domain lilb
Domain lllc'
Domain Hid
Domain Hie
Domain lllf
Figure 8.1 Consensus model for the picornavirus class IV 1RES elements. This 
model represents the predicted structure of the 1RES elements contained within the 
PTV-1, PEV- 8 and SV2 1RES elements. The model is most closely based on the 
predicted secondary structure of the PTV-1 1RES, many elements of which have 
been confirmed through mutational analysis. * Domain IIIc only exists in the PTV-1 
1RES. The PEV-8 and SV2 1RES elements lack a domain IIIc, but contain a domain 
Ilia on the opposite side of the stem in the apical region of domain III. SV2 also 
contains domain IV, a simple stem-loop stiucture formed at the 3’ end of the 1RES as 
a result of base-pair interactions with nucleotides before and after the initiation 
codon.
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limited to one mechanism of internal ribosome enti y, and that picornaviruses in 
particular contain a spectrum of 1RES elements, ranging from the HAV 1RES that is 
completely dependent on host cell tianslation factors, to the PTV-1 1RES element, 
with limited dependence on host proteins, resulting in an increased likelihood of 
preferential translation in host cells. This discovery should also provide a useful tool 
for the study of the role of different regions of the HCV and CSFV 1RES in 
translation. It will be interesting to determine the ti ans-acting requirements of these 
1RES element as this may provide a clue as to the mechanism of tissue tropism and 
host specificity.
8.2 FMDV IRES-interacting proteins
The trans-acting factor availability is an essential factor in determining the efficiency 
and accuracy of picornavirus ti anslation in cell extracts or intact cells of different 
origins. The inability of the poliovirus 1RES to initiate translation in rabbit 
reticulocyte lysate unless supplemented with He La cell extract is assumed to be due 
to supplementary proteins supplied by the HeLa cell extr act that are required by this 
1RES (Brown and Ehrenfeld, 1979; Dorner et a l, 1984).
The FMDV 1RES appeal’s to require two accessory proteins for tr anslation in vitro. 
These have been identified as polypyrimidine tr act binding protein (PTB) and ITAF- 
45 (Niepmann et al, 1997; Filipenko et <r/.,2000). However, these requirements 
remain to be confirmed within an intact cell system that may more closely mimic the 
conditions experienced by the virus during the course of an infection.
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To this end, a cell-based system was designed to allow identification of proteins that 
bind to the FMDV 1RES and as such may be required for its activity in cells (Chapter 
7). This system relied on a well-defined protein-RNA interaction between the iron 
response protein (IRP) and the iron response element (IRE), an interaction that occurs 
naturally in cells in response to changes in intracellular iron levels (Hentze et a l, 
1987). A FLAG-tagged IRP was produced that could simultaneously bind to an IRE 
present in an FMDV IRES-containing mRNA and FLAG affinity resin (Sigma), 
allowing capture of FMDV IRES-binding proteins from cells.
Initially this system appeared effective. IRP binding to the IRE within 
pGEM/fLUC/FMDV-IRE/CAT (provided by R. Jackson, Cambridge University) was 
observed. However no interaction was observed between FLAG-IRP and the IRE in 
a related construct, pCL/FMDV-SE/rLUC/oT. The reasons for this are unclear as the 
IRE appeared intact upon sequencing analysis of this latter consti uct.
Cell lysates that had been incubated with FLAG resin were analysed for the presence 
of eIF4G and eIF4A, which are both known class II picornavirus IRES-binding 
proteins (Pestova et al, 1996b; Pilipenko et a l, 2000). However, at no time was the 
binding of these proteins observed. Thus, although elements of this system are 
functional, other components require optimisation. That the construct 
pGEM/fLUC/FMDV-IRE/CAT was able to be bound by the IRP suggests that it 
would be prudent to continue these experiments using pGEM/fLUC/FMD V- 
IRE/CAT that has been adapted such that it is more suitable for analysis of FMDV 
IRES-binding proteins. Adaptations should include removal of extra sequences, such 
as the upstream fLUC ORF, that may bind proteins, and removal of the stop codon
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introduced between the Lab and Lb initiation codons by Quik-change mutagenesis. 
Whether mRNA is consistently captured by the FLAG resin is also unclear, although 
this was observed once, suggesting that this system is viable. It may also be 
necessary to scale up the experiments to maximise that amount of protein recovered 
from cells for efficient detection using Western blotting.
In conclusion, although no FMDV IRES-binding proteins were successfully 
identified during the course of this work, results do suggest the system as valid. It 
just appears to require conditions to be adapted to ensure consistent IRP binding, 
mRNA capture and IRES-binding protein capture.
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COMMON BUFFERS AND SOLUTIONS 
II. 1 Solutions for cell transfections
Lysis Buffer C
5M NaCl 4.8ml
IM Tris (pH 7.5) 10ml
10% NP40 10ml
dHzO 175.2ml
Buffer A
IM Tris (pH 7.5) 400pl
3M KCl 660pl
25mM MgClz 400pl
Cyclohexamide (0.1 mg/ml) 50pl
1.25MDTT 32pl
dHzO 18.53ml
Lysis Buffer A
Buffer A 5 ml
10% NP40 200pl
II.2 Solutions for nucleic acid preparation and analysis
SOx Tris-Acetate Electrophoresis (TAB) Buffer
Tris base 242g
Glacial acetic acid 57ml
0.5M EDTA (pH 8.0) 100ml
dHzO 843ml
1 % Agarose Gel
Agarose 1 g
1 Ox TAE buffer 2ml
dHzO 98ml
EtBr lOpl
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1 % LMP Agarose gel
LMP Agarose 0.5 g
dHzO 48ml
TAE buffer 1ml
EtBr 5pl
LB Broth
Bacto-tryptone lOg
Bacto-yeast exti'act 5 g
NaCl lOg
dHzO 950ml
Adjust to pH 7 with 5M NaOH 
Adjust volume to 1L
20% LB Glycerol
LB media 
Glycerol
Autoclave for 1 hour
80ml
20ml
Transforming Buffer 1 (TFBl)
IMKAc 
IM MnCb 
IMKCl 
IM CaCb 
Glycerol 
dHzO
1.5ml
2.5ml
5 ml
0.5ml
7.5ml
33ml
Transforming Buffer 2 (TFB2)
IMMOPS (pH 6.5)
IM CaClz
IMKCl
Glycerol
dUiO
0.5ml
3.75ml
0.5ml
7.5ml
37.75ml
Ampicillin Stock (lOOmg/ml)
AMP 2g
100% EtOH 10ml
dHzO 10ml
Use at a final concentiation of 1 OOpg/ml
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X-Gal Stock (80mg/ml)
X-Gal Ig
Dimethylformamide 12,5ml
Use at a final concentration of 40}ig/ml
IPTG Stock (lOOmM)
IPTG 1.2g
dHaO 50ml
Use at a final concentiation of 0. IniM
LB Agarose-AMP Plates
LB agar 300ml
AMP (lOOmg/ml) BOOpl
LB Agarose Plates for *Blue/miite’ Screening (a-Complementation)
LB agar 300ml
AMP (lOOmg/ml) 300pl
X-Gal (80nig/ml) 150pl
IPTG (lOOmM) 300pl
2/77 Marker
Mil marker (500pg/nil) 2.5pi
6x load dye lOpl
dUzO 46.5pl
Run 5pl
Sequencing Stop Solution
1 OOmM EDTA (pH 7.0) 20pl
3MNaAC 20pl
Glycogen (20mg/ml) 1 Op 1
Reverse Transcription Buffer
1 strand synthesis buffer 4pl
BSA (Ipg/pl) 2pl
O.IMDTT 2pl
PGR nucleotide mix Ipl
MMLV reverse tianscriptase Ipl/pl RNA
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II.3 Solutions for protein analysis
Western Blot Stacking Gel
30% Acrylamide 1.7ml
IM Tris (pH 6.8) 1.25ml
10% SDS lOOpl
10% APS lOOpl
Temed 30pl
dHgO 7ml
Western Blot 10% Resolving Gel
30% Acrylamide 10ml
IM Tris (pH 8.8) 11.25ml
10% SDS 300pl
10% APS 200pl
Temed 50pl
dH20 8.5ml
Western Blot Running Buffer
Glycine 28.8g
Tris base 6g
SDS 2g
dHsO 2L
Western Blot Transfer Buffer
Glycine 28.8g
Tris base 6g
dHzO 1600ml
Methanol 400ml
lOx TBS-0.1%Tween
Tris base 48.4g
NaCl 160g
dHzO
Adjust to pH to 7.6 with HCl
1800ml
Tween-20
Make up to 2L with dH20 
Dilute to Ix before use
20ml
Blocking Buffer
Marvel Milk 5g
Ix TBS-Tween 100ml
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Coomassie Brilliant Blue Destain Solution
Methanol 400ml
Glacial acetic acid 150ml
dHzO 1450ml
Coomassie Brilliant Blue 
Brilliant Blue G 5 g
Destain 15ml
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